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INTRODUCTORY STATEMENT

The Second International Conference on Microzonation for Safer
Construction—Research and Application has succeeded in bringing
together representatives from diverse fields of interest, such as
geology, seismology, eng:neering, sociology, economics, planning,
architecture, insurance, and government, to summarize the state of
knowledge in the zoning of areas for earthquake effects and to
identify future research needs in seismic microzonation. This broadly
based participation reflects the general notion that real and enduring
solutions to the social and economic problems resulting from
earthquakes can best be achieved through genuine interdisciplinary
cooperative effort among scientists who are involved in the discovery
and expansion of knowledge, engineers who are engaged in the
application of scientific principles to improve the performance of
manmade structures during earthquakes, and public officials who are
responsible forimplementing and enforcing land-use planning and
building code requirements.

These three volumes of Conference Proceedings include between
their covers an impressive number of high-quality technical papers
by authors from different countries. On behalf of the Organizing
Committee, | take this opportunity to express our most sincere
thanks and appreciation to these authors for devoting much time and
effort to the preparation cf these papers.

Mehmet A. Sherif
Conference Chairman

San Francisco U.S.A.
November 1978
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SEISMICITY AND GLOBAL TECTONICS AS A FRAMEWORK FOR MICROZONATION
by
. . I
Carl Kisslinger
ABSTRACT

Improved seismographs, widely deployed, combined with good computational
facilities and better methods for treating complex velocity structure,
have led to more nearly complete detection and more accurate location of
earthquakes. Seismic zones, especially at active oceanic plate margins are
clearly defined. Seismicity along plate boundaries within continents is
more diffuse and the boundaries are not clearly delineated. Tectogenesis
in plate interiors is a major, unresolved problem. Regional seismograph
networks are contributing important detailed information concerning con-
centrations of activity, including delineation of linear trends where faults
are not readily mappable.

Accurate hypocenter locations have led to the development of the
seismic gap concept. The identification of gaps with high potential for a
large earthquake is an important contribution to hazards assessment. The
determination of the stress levels along seismic belts, especially within
gaps, can help in the evaluation of the seismogenic potential of a particular
place. New techniques based on interpretation of the spectral properties of
the seismic signals offer a feasible approach to stress determination.
Changes in temporal and spatial patterns of seismic activity may be useful
as precursors of impending large earthquakes.

INTRODUCTION

The past decade has been remarkably productive in the increase of
knowledge of what an earthquake is, where earthquakes occur, why they occur
where they do, and, perhaps equally important, the definition of unresolved
problems of global seismicity and tectonics that will require our best
research efforts for their solution. However, the gap between improved know-
ledge of the general, world-wide distribution of earthquakes in time and
space and the estimation of the seismic hazard during some specified time
interval at a particular site remains great. This conference is devoted
to the latter subject. I shall try in this paper to evaluate some contributions
which progress in global scale research provide to an improved framework
within which microzonation can be accomplished.

I assume a general familiarity with the broad pattern of global
seismicity: the existence of well-defined belts of high seismic activity,
the existence of diffuse and poorly defined zones of intracontinental

I Professor of Geological Sciences and Director, Cooperative Institute
for Research in Environmental Sciences, University of Colorado,
Boulder, Colorado.



earthquakes, and the nature of long-time average earthquake recurrence as
a function of magnitude. I also assume basic familiarity with the tenets
of plate tectonics theory, on which current attempts to explain seismicity
are based.

IMPROVED ACCURACY OF HYPOCENTER LOCATIONS

Knowledge of where earthquakes occur is fundamental to the problem
of estimating seismic hazards. Significant improvement in definition of
the details of the geographic distribution of earthquakes has been achieved
during the past two decades as a result of the wide deployment of better
instruments, the availability of facilities for processing large amounts of
high quality data and research leading to practical techniques for handling
the effects of complicated earth structure on travel-times.

Much of the improvement in world-wide coverage resulted from the in-
stallation of the World-Wide Network of Standardized Seismographs (WWNSS)
by the United States in the early 1960's, and comparable standardized networks
within a few large countries, especially Canada and the Soviet Union. There
has been little support for major improvements in WWNSS until very recently. A
program of upgrading selected stations of WWNSS, by changing some sites,
borehole installation of some seismometers and the addition of digital recording,
is now being carried out with funding from the Defense Advanced Research
Projects Agency.

The most significant improvements in both detection capability and
location accuracy has come from the installation of relatively dense regional
networks in a few selected places of special interest for seismological
research. The support for these networks has come mostly from the Earthquake
Hazards Reduction Program of the U.S. Geological Survey. Portions of the
following important seismic areas in the United States are now covered by
such networks: Alaska and the Aleutian Islands, the State of Washington,
central and southern California, Utah, the New Madrid seismic zone, New York
State, and the Charleston, S.C. area. A network in the Caribbean is monitoring
parts of that seismic region under the U.S.G.S. program.

The claimed improvement in location accuracy refers principally to
relative locations of events with reference to other nearby events. Various
methods for correcting for the effects of complex structure in the source
region have been developed. Nevertheless, systematic biases in locations
of sets of events may still be present in the solution, so that the absolute
locations, referred to a geographical reference, may still be in error by
substantial amounts.

Detection thresholds and location accuracy depend strongly on the
position of the event relative to the distribution of seismograph statiomns.
At present, even in the worst case, it is likely that any event bigger than
m, 5 will be detected at enough stations to permit a location to be calculated
and the event will appear in some catalogue, even if not in the comprehensive
summaries of the National Earthquake Information Service and the International
Seismological Center. The threshold is much lower for routine monitoring



of events in places like Europe, Japan and North America, which are covered
much more adequately than, say, the Indian Ocean. Regional networks, which
are often installed for specific research purposes for a limited time, push
the limit for nearby earthquakes down to very small events, the cut-off
depending on local noise conditions. Typical uncertainties in good tele-
seismic locations are given as 10 km or less in geographical -position and
somewhat greater in dpeth. Systematic bias may cause errors in even these
good locations of 25 km or more. Events within good regional networks can
be located with uncertainties less than 2 km if good velocity information
is available.

Large numbers of reliably located events define the active seismic
zones of the world in considerable detail. 1In many places, especially at
active margins of oceanic plates, narrow bands of epicenters can be associated
with major geological or topographic features, marking the zones of divergent,
convergent or transcurrent plate motions. Convergent plate boundaries within
continents are often not well defined by either the distribution of epicenters,
which may be diffuse, or geologically. Tectonic relations that appear to
be simple under the oceans, or that can be unravelled as a combination of
simple elements, may be almost undecipherable within continets.

Tectogenesis, including earthquakes, within plate interiors is not
understood and remains one of the challenges to students of large scale
tectonic processes. Earthquake activity at passive continental margins,
such as the east coast of North America, and in continental interiors,
such as the seismic zones of the midcontinent of the United States, has not
been explained in terms of a unifying theory. Those who attempt rational,
quantitative hazard assessment know the difficulties that arise from our
inability to associate intraplate earthquakes with distinct structural
systems or individual structures. It appears likely that intraplate earth-
quakes are manifestations of a variety of processes, and even the definition
of "intraplate earthquake" is fuzzy. The earthquakes in the interior of
China, for example, seem to be related to continental-scale tectonics
in a different way than those near New Madrid, Missouri.

Regional networks contribute important information about the details
of the hypocentral distributions within broader seismic zones. The re-
sulting detailed patterns are useful both for associating the earthquakes
with regional geological structures and processes and for detecting changes
in patterns of occurrence that may be premonitory of future large events.
The data are especially valuable where the faults are not easily mapped.

An excellent example is the result for the New Madrid region obtained by
Stauder et al. (1976). Although some features of the distribution began

to emerge from observations with a small network in the 1960's, it was

not until the 16 station network was available that fine detail, Figure 1,
showing linear active zones presumably corresponding to faults, could be
seen. Results for the central Aleutian Islands (Engdahl, 1977; Engdahl and
Scholz, 1977), Figure 2, further illustrate the importance of carefully
controlled locations in clarifying the details of regional tectonics. A
double seismic zone within the descending lithospheric slab is interpreted
by Engdahl and Scholz as due to stresses caused by the unbending of the plate
at depth.



The redetermination of the locations of old earthquakes can be important
for hazard assessment. 0l1d instrumental data can be reworked using better
velocity information, but the fundamental limitations of sparse data of
questionable quality (especially timing) cannot be easily overcome. An
example is the work of Gawthrop (1978) on the M7.3 Lompoc, California earth-
quake of November 4, 1927, His conclusions, based on a recalculation of the
epicenter from P-wave arrivals at 80 stations and all of the macroseismic
and geological data he could find, is that the earthquake occurred much
closer to the coastline than Byerly's original solution and is probably
associated with an active fault just off-shore. Events for which only
macroseismic, descriptive information in historical docurents is available
are even more problematic, though workers in countries such as China and
Japan have extracted a great deal of information from such records and
have produced seismicity maps on this basis. A systematic program of
relocation of old U.S. earthquakes, incorporating research on the techniques
to derive the maximum amount of reliable information from whatever data are
available, is to be encouraged.

SEISMIC GAPS

As our ability to locate earthquakes with better accuracy has increased,
the details of the distribution of events have become more meaningful. Only
when we are confident that the epicenters on our maps are close to the correct
positions, can we proceed to assign significance to observations of currently
active and long-inactive segments of seismic belts. Thus, the notion of a
seismic gap has emerged as a useful indicator of the possible site on a
plate boundary of a great earthquake within the relatively near future.

We so far restrict the application of the gap concept to plate boundaries
because we think we are justified in expecting continuity of relative motion
of adjacent material along these features. When a portion of an othérwise
continuous belt of earthquakes has been quiet for a long time, we are led

to ask if strain is accumulating at that place, preparatory to a great
earthquake, or whether the relative motion of the adjoining plates is either
locally accommodated by aseismic movements or interferred with by some other
process.

The significance of the seismic gap as a means of predicting the location
and magnitude of future large events was first recognized and successfully
applied by Fedotov, for the Kuril Islands - Kamchatka seismic zone (Fedotov,
1965; Fedotov, et al., 1970). Mogi contributed important ideas concerning
the migration of large earthquakes along seismic belts (e.g., Mogi, 1968).
Kelleher and Sykes, in a series of papers (Kelleher, 1970; Kelleher et al.,
1973; Sykes, 1971) suggested criteria for identifying a gap and roughly
estimating its seismogenic potential and proceeded to map plate-boundary
segments that they thought met these criteria. An excellent review of the
history of the gap concept and a systematic description of some current
gaps is provided by McCann, et al. (1978).

The validity of the gap concept depends on the observation that sections
of plate boundaries break as units at the time of great earthquakes and the
sources of adjacent earthquakes abut each other without much overlap. The



evidence for this behavior is primarily the distribution of the aftershocks
of the big earthquakes. The data for Alaska and the Aleutian Islands,
Figure 3, (Engdahl, personal communication) illustrates the point. Because
we depend on the aftershock locations to define the source dimensions of the
strong earthquakes, the accuracy of these locations becomes important in
determining whether or not a gap exists. Especially for older earthquakes,
for which magnitude 4-5 aftershocks may be mislocated by 50 km or more,
caution in deciding whether a gap exists is required.

Because the identification of a gap depends on recognition of a prolonged
interval without a large earthquake, we are faced with the question of the
expected variability of activity within an active region. Departures from
average rates of occurrence, either intervals with few events or with many,
are expected in a randomly distributed time series. Only if the data base
is sufficiently long to permit the determination of the statistics of the
series with reasonable confidence can decisions be made as to whether
intervals with few or large numbers of events are significant departures
from expected behavior (cf, e.g., Garza and Lomnitz, 1978). For much of
the world, the length of the period of observation is very short for descrip-
tion of a geological process. Where historical records covering a number of
centuries are available, clustering of activity is seen, e.g., Figure 4
for north China (Qiu Qun, 1976). For this intracontinental setting, obser-
vations covering only 100 years or so could give a very misleading impression
of the long-time average rate of big earthquakes.

Gaps are defined in terms of large events, with source dimemsions that
fill the gap. The relation of smaller earthquakes that may occur frequently
even within a gap to the occasional big one is not understood. For example,
within the portion of the Aleutian arc covered by our regional network,
there is a place that was the site of a M7.1 event in 1971, with a few
moderate sized aftershocks (La Forge, 1977). This place has not been the
location of any event large enough to be located from teleseismic data
(greater than body-wave magnitude 4) since that time. Nevertheless, the
distribution of smaller events, located with the data from the regional
network, shows no break at this place. Is this a gap within which strain
is accumulating for another large event? The whole region lies within the
long segment broken by the great 1957, M8.2 earthquake (Figure 3) and it
seems early to expect another very strong event. But the data suggest
that there are shorter gaps related to fairly strong earthquakes within the
large gaps.

Plate tectonics provides a rationale for estimating the recurrence
time for great earthquakes on plate boundaries. Rikitake (1974, 1975, 1976)
has estimated recurrence times for selected subduction zones on the assumption
that great earthquakes occur when some critical strain value is exceeded,
that they relieve all of the accumulated strain and that strain accumulates
at a constant rate determined by the velocity of the relative motion of the
plates at the boundary. Of course, we do not know that plate motions are
continuous with a constant velocity, even though the velocities appear to be
quite constant when averaged over millions of years. Uncertainties in the
critical strain value and the rate of strain accumulation appear in the



result of Rikitake's analysis as uncertainties in the recurrence time.
These, in turn, can be restated as the probability at any time since the
last great earthquake that another one as large will occur. One then has

to make a judgment as to how large this probability must be before a
significant enhancement of the local seismic hazard is announced. As an
example, Rikitake (1975) concludes that the probability of recurrence in the
region of the 1923 Kanto earthquake will not reach 0.8 until about 2020 A.D.
For the most active subduction zones around the Pacific, Rikitake (1976)
derives a range of recurrence intervals from 27 + 9 years for the Aleutian-
Alaska zone to 170 + 69 years for the Nankai-Tokai region, off southern
Honshu.

Estimates of recurrence times based on relative plate motions assume
that all or most of the relative motion eventually appears as slip during
great earthquakes. Some appreciable part of this motion may take place as
aseismic creep in parts of the seismic zone. The evaluation of the earthquake
generating potential of a gap in which no great earthquake has occurred in
history depends critically on whether normal plate boundary motions are
interferred with (Kelleher and McCann, 1977) or creep is in progress. Although
creep is measured along major faults within continents, no good way of
estimating creep in ocean-covered subduction zones has been worked out.
The exception to this is the estimation of slow post-seismic displacements
on an active fault from time-dependent level changes on adjacent land areas,
but this is a separate problem. If creep can occur over very long times
along limited portions of a subduction zone, the mechanical properties of
the materials in this segment must be different from those in the adjacent,
seismic sectors. We are then led to ask if the mechanical properties them-
selves are time-dependent, so that a creeping segment may 'lock" eventually,
or a seismogenic part go into a creeping mode for a long time.

One direct approach to the evaluation of the earthquake potential or
state of readiness of a gap is available in principle through measurements
of local stress as a function of time. If stress is increasing, so is
strain, and a place at which the stress is high must be considered as a
possible earthquake site. Direct measurements of stress in the crust are
few and none have been made at the depths at which most hypocenters occur.
We do have indirect methods of estimating stress, from the properties of the
waves generated by the earthquakes. Conventional focal mechanism solutions
yield the orientation of the principal stress axes, subject to assumptions
about the relation between the orientation of the present stress field and
pre—-existing fault surfaces on which the earthquakes occur. Determination
of the magnitudes of the stress components is more difficult, but we can
get some estimates from the spectra of the earthquake signals. A typical
spectrum is shown schematically in Figure 5 (Brune, 1970). It is charac-
terized by a low-frequency level, a corner frequency, and a high-frequency
fall-off of £ 2 for f °. The corner frequency is inversely proportional
to the length of the slip zone and is roughly the frequency at which the
wavelength is the same as the fault dimensions. The low-frequency level
is proportional to the seismic moment and, thus, depends on the area over
which slip occurs and the average amount of slip that takes place. By
application of theoretical models of the source, these geometrical para-



meters can be interpreted in terms of the change in shear stress that

occurs across the fault during the earthquake. The change in shear stress

is not necessarily equal to the total shear stress acting before the event,
though it is probably close to it for very large earthquakes. An earth-
quake with a large magnitude can be generated by a low average stress drop
across a large area of slip or a high stress drop on a smaller area.
Observations of the spectral characteristics of moderate background earth-
quakes within a seismic zone can give an idea of the size of the shear stress
in the zone.

One practical approach to applying this principle is to compare the
surface-wave and body-wave magnitudes of an earthquake. The surface-wave
magnitude is measured by wave amplitudes at frequencies near 0.05 Hz; body-
wave magnitude at around 1 Hz. For many earthquakes (fault lengths between
roughly 5 to 50 km) the corner frequency falls between these two values.

As illustrated in Figure 5, if two earthquakes have the same surface wave
magnitude (same signal amplitude at 0.05 Hz), but the radius of the slip

area for one is half that for the other, the stress drop, from the source
theory of Brune (1970) for the geometrically smaller event is about 8 times
that of the other and the body wave magnitude about 0.6 greater. This
illustrates in a simplified way that the difference between M_ and is a
function of the stress drop during the earthquake and can be dsed to determine
the stress drop once a fault geometry, depth and theoretical source model

have been adopted.

C. Archambeau (1978) has used his relaxation source theory to calculate

theoretical curves of M_ vs. m_for a variety of kinds of faulting, over a
s . . .

range of crustal depths. An example of one set of his theoretical curves is
shown in Figure 6. He has used such curves to derive stress drops for a
large number of earthquakes and presents the results as contour maps of stress.
A closed contour of high stress marks a place with a high potential for a
strong earthquake. One such place is offshore of the Alaskan peninsula,
at about 160°W longitude, a location previously and independently identified
as a gap by Kelleher et al. (1973). Another high stress area is close to the
source of a M7.5 earthquake off the cost of northeast Honshu on June 12, 1978,
Figure 7. This map is for events 33-40 km deep. The earthquake was at about
40 km. The epicenter map, Figure 8, was compiled by the Japan Meteorological
Agency for the period 599-1975. The June 12 earthquake occurred close to
the mapped positions of events in 1936 and 1937, on the southern edge of an
area that has not experienced a large earthquake for over 60 years. A similar
impression is gained from the map of seismic energy release for 1926-1974,
Figure 9, also prepared by JMA. The numbers plotted are the log 0 of the
energy released at each point, calculated from a standard empirical equation
relating magnitude and energy. 23 corresponds to M7.5, 22 to M6.8, 20 to
M5.5, etc. The aftershock regions of the larger earthquakes are outlined.
The JMA and NEIS locations for the June 12 earthquake disagree somewhat, but
it occurred either at the mapped position of the 1933 M7.3 event or an event
in 1937 of about the same size. Of course, the locations of these old
earthquakes are even less certain than those of recent events.

Thus, the June 12 event occurred in a place that was a gap, with no
strong earthquake for at least 40 years, and a region of high shear stress.
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A considerable gap still exists to the north of this place and it will be
interesting to see if a sequence of M7.5 events, similar to the 1938 sequence
to the south, or a single larger event occurs in this gap.

SEISMICITY PATTERNS AS EARTHQUAKE PRECURSORS

Seismicity information is the foundation of conventional analysis of
expected locations and frequencies of occurrence of future earthquakes, in
some long-term average sense. Recent research shows, in addition, that
characteristic patterns of occurrence of small and moderate earthquakes
may be valid indicators of the approach of a large event. Of course, the
preceding discussion of gaps focussed on the idea that the prolonged absence
of a large event at a place known to be active in the past is an indication
that strain energy to be released in the next big earthquake is accumulating.
However, the determination that a large event is imminent, with an estimate
of the time of occurrence, is a problem in earthquake prediction. Although a
review of prediction is outside of the scope of this paper, some comments
on the ways in which seismicity patterns seem to foreshadow large earthquakes
in some cases are in order. Typical of the research on pre-shock seismicity
is that reported by Sekiya (1977), Ishida and Kanamori (1977), Wyss, EE.EL'-
(1978), Caputo, et al. (1978), and our group working on Aleutian Islands'
earthquakes (Price, et al., 1978).

All of these studies have revealed the occurrence of a surge, or swarm
of activity in the neighborhood (distances allowed by different investigators
are highly variable) of the epicenter of the future major event, at a
relatively long time, several months to years, beforehand. Foreshocks in
the conventional sense, i.e., events near the main event preceding it
by a few minutes to a few weeks, may also occur, but these precursory swarms
are a distinct phenomenon. 1In all cases the pre-shock surge is limited in
time duration and spatial extent. Some investigators have noted an alignment
or migration of preshocks. A period of very low activity follows the swarm
in some cases, but not all.

The problem of precursory swarms is made up of several parts: the
identification of a group of earthquakes as a swarm, the decision that
the swarm is precursor to a larger event, and the determination of the time
of occurrence of the main shock. The first part of the problem is the only
one for which useful approaches have been developed so far. A swarm can
be defined on the basis of a number of events in excess of some measure
of the normal rate of occurrence, during some limited interval of time,
confined within a small area. Keilis-Borok and Wyss have set up formal
rules for defining a group of earthquakes to be a swarm.

Figure 10 shows pre-shock data associated with a M6.5 event near Adak
Island, November 4, 1977. The number of events during each month since the
local network was placed in operation that occurred within 5 km and 10 km
of the main shock is plotted, along with the running mean values for these
same distances. Only once did the number of events within 5 km exceed the
24 month mean by more than two standard deviations, during mid-November
1976 to mid-January 1977. A period of quiescence occurred from November
1975 to May 1976. We consider this to be a precursory swarm associated with
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the November 4 event. In this case the activity remained at a fairly high
level after the swarm.

The same information is shown in another format in Figure 11, a time-
distance plot out to 10 km from the main shock epicenter. We see in this
figure that the activity began to build up some 5 to 6 km away from the
epicenter and then migrated toward it to form the November-to-January swarm.

We have not yet identified any properties of these swarm earthquakes
that distinguish them from all of the other small events in this seismic
zone. In general, no one has suggested a technique for identifying a swarm
as a precursor. Various characteristics of the individual events, such as
orientation of the focal mechanisms and spectral properties are being examined
in the search for some unique, discriminatory features. Without a reliable
means of separating precursory swarms from other swarms, false alarms will
occur.

Although retrospective studies suggest a regular relation between
the length of time between the swarm and the main shock and the magnitude
of the main shock (Sekiya, 1977), we have no approach to projecting the time
to the main shocks, or equivalently the expected magnitude, at the time the
swarm occurs. This is a critical question for prediction. It seems that
some kinds of independent information, for example, the size of the region
in which large strains have accumulated, will be required for a solution.

Foreshocks in the usual sense, i.e., events clustered close to the main
shock hypocenter and occurring shortly before, are an important aid to short-
term prediction where they occur. Jones and Molnar (1976) found by analysis
of the NOAA hypocenter file that 44 percent of large shallow earthquakes,
magnitude 7 or greater, between 1950 and 1973 had foreshocks strong enough
to be recorded teleseismically. They defined a foreshock as an event within
100 km and 40 days of the main event. We are again faced with identifying
foreshocks as such as they occur. In some cases (e.g., Engdahl and Kisslinger,
1977), the foreshocks have distinct focal mechanisms.

SUMMARY AND CONCLUSIONS

Modern observational facilities enable us to acquire very detailed
information about the distribution of earthquakes, as well as some of their
important physical properties. The delineation of active structures can be
done more accurately than in the past with the use of local networks, a
capability that is especially important in places where faults are not readily
recognized or easily accessible to direct observation. With epicentral dis-
tributions known well, we can investigate and assign significance to particular
patterns and features, especially seismic gaps. The gap concept is useful
in identifying possible sites for large earthquakes in the near fugure, but
each gap must be evaluated in terms of basic tectonics to determine whether
it is seismogenic. The distribution of stress in the crust is a key factor
in the assessment of the likelihood of occurrence of earthquakes, not only
in gaps, but in any seismic zone. We presently have poor knowledge of this
parameter. Finally, temporal and spatial patterns of background seismicity seem
to be useful as precursors of future large earthquakes.
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Figure 1. Epicenters of all earthquakes located in the St. Louis University

network in region around New Madrid, Mo., during 1 July 1974-
31 March 1976 (from Stauder, et al., 1976).
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Figure 2. Vertical section perpendicular to central Aleutian arc, showing
the double-layered Benioff zone. The arrows indicate down-dip
compression or tensions (from Engdahl and Scholz, 1977).
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ABSTRACT

The paper presents a summary of the status of strong-motion
instrumental networks and records in the United States followed by
a discussion of some recent results in strong-motion seismology that
are believed to be of interest to the conference. The results selected
for presentation are the seismological modeling of seismic sources using
strong-motion records, with application to the Borrego Mountain earth-
quake of 1968, the Brawley earthquake of 1976, and the San Fernando
earthquake of 1971; the relation between the spectral descriptions of
strong motion used in engineering and seismology; and the use of
strong-motion instruments to determine Local !lagnitude, ML.
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INTRODUCTION

In preparing this paper it was necessary to select a few topics for
emphasis rather than attempt to cover the entire field. The subject
has grown over the years until it would take a sizeable volume to
present accurately the state-of-the-art, even with a narrow definition
of strong-motion seismology that includes only the measurement and
interpretation of strong ground-motion during earthquakes, and excludes
the measured response of structures. Consequently, we have selected a
few topics with which we are familiar and which we believe to be
appropriate to the interests of this conference. The reader is referred
to the literature for subjects not addressed here, such as details of the
instrumentation (7, 18) and techniques for the processing of strong-
motion data (20, 32), as well as details of some of the observed and
calculated effects of local conditions upon the ground motion which are
the subject of other papers in these volumes.

INSTRUMENTS AND NETWORKS

Strong-Motion Instruments

The basic strong-motion instrument is the accelerograph which,
in its most common form, generates a film record of three mutually
perpendicular components of acceleration: vertical and two horizontal.
Samples of accelerograms are shown in Figures 1 and 2. The instruments
also record an internally generated time signal and reference traces.
The sensitivity is commonly *1lg, and the instrument is self-triggering.
The basic transducer typically has a natural frequency near 25 hz and
damping is of the order of 60 percent of critical. These are nominal
properties of common instruments such as shown in Figure 3, and the
reader is referred to the literature (e.g., 7) for properties of
specific accelerographs. Although the basic instrument is the three-
component accelerograph, there are a number of important variations that
are becoming increasingly important in strong-motion seismology. One
such instrument is the central recording accelerograph, which allows up
to 12 channels of data to be recorded on a single, 7-inch film strip.
This instrument is particularly useful for installation in structures
and in arrays, where the small size of the transducers, which are separate
from the recording mechanism, is an advantage. Another important
development is the digital~recording accelerograph which has obvious
advantages for data processing. Some instruments of this type have been
installed in the field, but not enough experience has been accumulated
so far to place them in a category of reliability comparable to the
film-recording systems. Another modification, of particular interest to
seismology, is the addition of a timing signal. The internal timing
mechanism in the instrument is supplemented by a WWVB receiver and
associated electronics which results in a digitally encoded time signal
on the edge of the accelerogram.

The power for the accelerometers is usually provided by batteries,
which are kept at peak charge by means of slow-acting chargers connected
to standard electrical outlets. Under favorable circumstances, the
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accelerograph will require maintenance at intervals of 6 months or
longer. Under less favorable conditions more frequent maintenance

is required. About 90 to 95 percent of the accelerographs in a network
can be expected to function properly with proper service. Discharged
batteries and problems with the film transport system are the most
common causes of difficulty.

Another important strong-motion recorder is the seismoscope
(19), illustrated in Figure 4. This instrument is basically a spherical
pendulum which scratches its displacement record on a smoked watch
glass, as seen in Figure 5. The natural period is commonly 0.75 second
and the damping is nominally 10 percent of critical. The instrument and
its properties are such that the maximum displacement can be converted
to a point on the displacement response spectrum of the ground motion.
Althoughk it provides less information than the accelerograph, the
seismoscope has proven to be extremely reliable and in the Guatemalan
earthquake of 1976, for example, provided the only significant strong-
motion record. In addition to direct reading of the instrument, there
have been instances when it has been possible to estimate the history
of ground acceleration from the seismoscope response, using a higher
mode response of the transducer as a timing signal {(30).

Other strong-motion instruments include such special purpose
devices as peak-recording accelerographs for nuclear powerplants,
Carder "displacement' meters, elevator shut-off mechanisms, and shut-
of f mechanisms (jiggle valves) for gas lines.

Status of Instrumental Networks

The principal agency involved in the deployment and maintenance of
strong-motion instruments, and in the processing of the records obtained,
is the Seismic Engineering Branch of the U. S. Geological Survey. This
agency installs and maintains its own instruments and performs similar
services for instruments owned by other organizations. The operating
funds for the Seismic Engineering Branch are provided by the National
Science Foundation under a 5-year agreement, scheduled to be renewed.
Other sizeable networks are operated by the California State Division of
Mines and Geology, and by the City of Los Angeles. There are additional,
smaller networks operated by university research groups, utilities and
other organizations. Foreign accelerograph networks exist in several
countries including Japan, Mexico, Yugoslavia, Iran, Italy, New Zealand,
Peoples Republic of China, and Soviet Russia among others.

At the present time (26), the Seismic Engineering Branch is
maintaining the following instruments under its basic program:

184 USGS accelerographs
59 accelerographs owned by other agencies
1 1l4-channel digital system
3 analog systems
20 accelerographs in foreign countries (chiefly
South and Central America), and
1 12-channel analog system, in a foreign country.
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An even larger number of accelerometers are owned by other agencies,
(e.g., Corps of Engineers, U. S. Bureau of Reclamation) but are maintained
by the Seismic Engineering Branch on a contract basis. This instrumen-
tation includes:

301 accelerographs
7 installations, with a total of 72 channels
of digitally-recorded data
4 installations, with a total of 38 channels
of analog-recorded data.

These figures give a total of 580 installations, with approximately 1864
channels of data. The instruments are distributed throughout the United
States, with concentrations in more seismic regioms.

The Seismic Engineering Branch also owns and services approximately
150 seismoscopes and maintains 25 peak recording accelerographs owned
by other agencies. A few Carder displacement meters are also owned
and serviced by the Branch.

The program of the California Division of Mines and Geology was
established in 1972 and is operated by the Office of Strong-Motion
Studies. The status of their installations, as of June 30, 1978, is
summarized below (33):

Installation Type Number Data Channels
Surface free-field 247 741
Down-hole free-field 2 18
Buildings 35 374
Dams 16 176
Bridges _3 58
TOTALS 303 1,367

The free-field phase of the California program is approximately 50
percent completed now, and emphasis in this phase has been shifted from
general distribution throughout the state toward the installation of
special-purpose free-field instrumentation, including linear and down-
hole arrays.

The major emphasis of the installation effort has recently been
shifted to instrumentation of structures, including bridges, buildings,
dams and port facilities. The instrumentation of structures is about
10 percent complete.

The plans for the near future include instrumenting approximately
20 structures and 10 free-field sites per year, and the development of
a capability for record processing and dissemination.

The City of Los Angeles maintains a network of strong-motion
instruments that have been installed in tall buildings in accordance with
the City Building Code. At the end of August last year there were 158
buildings instrumented in this program, with a total of 486 three~channel
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accelerographs (29). The City of Los Angeles is maintaining 143 of these
buildings, while the others were maintained by other groups, including
10 serviced by the Seismic Engineering Branch.

The remaining networks of strong-motion instruments are smaller
and are generally devoted to special purposes of individual groups, such
as the measurement of the response of dams, the measurement of soil-
structure interaction, or as complementary instrumentation for seis-
mological research. An exception to this is the recently-funded array
being installed by the University of Southern California. When
completed this will comprise a grid of about 90 accelerographs in the
Los Angeles Basin.

The need for increased coverage by strong-motion instrumentation
is recognized by all seismically active countries, and there are plans
underway for an international project to install detailed arrays at
selected locations in the world (22).

STRONG-MOTION DATA

Status of Strong-Motion Records

The Seismic Engineering Branch has the primary responsibility for
processing, storing and disseminating strong-motion records. They do
this not only for the instruments they maintain, but also for the
California Division of Mines and Geology, the City of Los Angeles and
for nearly all of the smaller, special purpose networks. They also
try to obtain copiles of important records obtained in foreign countries.

As of June 1978, the Seismic Engineering Branch had in its archives
approximately 2800 records recorded from 750 separate events (4). With
a few exceptions, each record contains three components of ground
acceleration. Of these 2800 records about 800 are from upper stories
of buildings, crests of dams, etc., leaving about 2000 records of base-
ment or free-field motion. Approximately 100 of the 2800 records are
from foreign stations. As might be expected, most of these records are
of small motions and of the 2000 ground-level accelerograms only 250 are
classified as being significant on the basis of having a peak acceleration
of 10 percent g or more, or of being of special interest. On the same
basis, some 200 of the 800 records of structural response are classified
as significant.

This gives a total of about 450 significant records, with about
half coming from the San Fernando earthquake. Of these 450 records,
420 have been digitized and processed and are on computer tape at the
Seismic Engineering Branch in Menlo Park, the National Information
Service for Earthquake Engineering (NISEE) at Berkeley and at the
Environmental Data Service (EDS-NOAA) at Boulder. Copies of
accelerograms can be obtained from these agencies. There is also a
large file of accelerograms at the California Institute of Technology,
where many of the records were digitized and processed.
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In addition, there is a significant data base obtained from strong-
motion recordings of aftershocks of the Oroville earthquake (9). 1In a
period of 3 months, 313 records from 86 events were obtained from 15
stations. Of these 120 records from 14 events have been digitized.

The aftershocks include records with amplitudes up to 70 percent g,
although most are much smaller.

The Seismic Engineering Branch also analyzes significant seismo-
scope records and archives the originals. Over 140 useable seismoscope
records were obtained from the San Fernando earthquake, and a detailed
report of the results has been prepared (3).

Additions to the strong-motion data, and developments in the net-
works are published in the program reports of the Seismie Engineering
Branch (e.g., 28).

Assessment of Strong-Motion Data from the Engineering Viewpoint

The strong-motion data is fundamental to earthquake engineering.
Along with the experience obtained from structural performance during
earthquakes, it is the determining factor in setting the seismic design
provisions of building codes and the earthquake design criteria for
major engineering projects. The records of ground motion and response
are also primary factors in assessing the seismic hazard of cities, in
improving design practices through understanding of structural response,
and in virtually all phases of earthquake engineering research.

The strong-motion data collected since the first accelerogram was
obtained in the Long Beach earthquake of 1933 have greatly increased
our understanding of the potential effects of strong shaking, frequency
content and duration of strong ground motion. We also have some
appreciation of how these quantities are related to measures of the size
of the earthquake and to the geometrical relations between source and
site. There are experimental data indicating the way that strong ground
motion can be affected by soil-structure interaction, by very soft soil
deposits, by topography and by the presence of surface waves. We are
also in a position to make meaningful estimates of some of the inherent
variations that exist in strong ground shaking.

Although the general picture is encouraging, there are some very
important questions for which the data are insufficient. In addition,
almost none of the points described above are understood in sufficient
detail, even given that complete understanding should not be expected or
required for applications in earthquake engineering practice. There
are two very important gaps in the data from the engineering viewpoint.
First, there is a paucity of records in the near field (e.g., A < 20 km)
of major, potentially damaging earthquakes. This lack of information
introduces great difficulties, and occasionally controversy, into setting
the earthquake-resistant design criteria for major projects. The second
major gap is the lack of strong motion records from a great (e.g.,

Mg > 8) earthquake. These earthquakes have, of course, the largest
potential for disaster and knowledge of the amplitude, duration and
areal extent of strong shaking is required to deal with the hazard posed
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by these extreme events. It should be pointed out also that there are
parallel gaps in our knowledge of the response of structures to ground
motions in these two categories.

There are major deficiencies in the data needed to clarify our
understanding of the effects of source mechanisms, travel paths and
local conditions upon strong ground motion. This is perhaps most
apparent when relations between measures of the strength of ground
motion (e.g., peak acceleration, peak velocity, spectral intensity) and
measures of distance (e.g., epicentral distance, hypocentral distance,
distance to the center of the aftershock zone) and earthquake size
(e.g., local magnitude, M, surface-wave magnitude, Mg) are investigated.
Figures 6 and 7 are plots of peak acceleration and velocity, respectively,
for different magnitude classes. The figures illustrate the variability
in the data and suggest the difficulty in establishing simple relations
among these variables. The unsatisfactory state of present affairs is
indicated by the fact that in a recent report (21), 26 different studies
were identified in which relations between peak acceleration, magnitude
and distance have been advanced. Clearly there is not yet a consensus
on this subject. An additional feature requiring experimental
clarification and verification is the effects of different source
mechanisms on the strong motion. For example, theoretical studies
indicate, and some data support, the concept that thrust-type earthquakes
produce significantly stronger near field shaking than strike-slip
events.

Similarly, there is no clear professional consensus on the details
of how local site conditions can affect strong ground motion., Although
there is general agreement on the qualitative nature of such effects,
there is a divergence of judgements on the degree of the effects as
seen in the data, the role of surface waves, and the degree to which
engineering solutions can be reliably obtained from analyses of
simplified models of the phenomenon. More strong-motion data clearly
is required to further the understanding of the potential effect of local
conditions on the ground motions, and several of the strong-motion arrays
now being installed are designed to yield some of this data.

Additional strong-motion data are also needed to clarify the role
of soil-structure interaction in modifying the earthquake motion
transmitted to the structure. The interaction problems include the
effects of the compliance of the foundation, the effects of embedment,
and the effects of foundations with large areas in suppressing motions
of high frequency. Some instrumental arrays now installed will provide
records bearing on these problems, but improvement is needed. For
example, the effects of large foundations on high frequency motion appear
to be quantitatively similar to effects soft soils are thought to have
on these motions. In the very common case of a record obtained in the
base of a sizeable building founded on fairly soft alluvium, it may not
be possible to separate the two effects without additional instrumentation.

Finally, it should be stated that the strong-motion data base is
insufficient to determine the variability in strong ground motion under
specified circumstances. The problem arises, for example, when the level
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of the mean plus one standard deviation is sought for the expected response
spectra at a site of a nuclear power plant. Different investigations of
the existing data and different approaches to the assessment of the
variability can lead to significantly different results, with large
economic implications for the project.

MODELING EARTHQUAKES WITH DISLOCATION THEORY

One of the most interesting uses of strong-motion data has been
in seismology, where the records are used to help deduce properties of
the source mechanism. Some applications of this type are reviewed in
this section.

The basic problem we address is the inference of the spatial and
temporal distribution of faulting at depth based on a set of observed
motions at the surface, where the motions can be severely distorted by
the intervening earth structure. In other words, we wish to explain
observed motions in terms of the source excitation after separating out
those complexities associated with propagation through a heterogeneous
earth. To achieve this goal we characterize earthquakes in a way that
is closely related to the driving tectonic stresses by assuming a
distributed shear dislocation as the fault description, an approach
amenable to analysis. Then, we characterize the properties of the earth
that affect the propagation in a way that can be predicted by geophysical
means. The simplest model one can devise that still contains some
features of reality is that of a layered earth where the layering can
be assumed to be locally flat and parallel to the surface. In what
follows, we will apply recently developed synthetic modeling techniques
to the interpretation of the faulting characteristics for two relatively
simple events, the Borrego Mountain earthquake of 1968, and the
Brawley event of 1976, and a complex event, the San Fernando earth-
quake of 1971.

Earthquakes as Seismic Sources

The seismic radiation field produced by earthquakes can be repre-
sented by several means. Following the stress relaxation approach, one
assumes the initial stress and frictional conditions and performs the
proper dynamics using analytical or numerical techniques to obtain the
displacements. Another particularly useful approach is due to Haskell
(10), called the shear-dislocation model. Schematic diagrams of this
type of model are displayed in Figure 8, where one does not attempt
to understand the detailed mechanics involved in the actual fault zone
but simply states that slip occurs on a specified surface, referred to
as a dislocation. This information is all that is necessary to propagate
the field to a more distant point assuming elastic conditions. In many
situations the faulting reaches the earth surface yielding the average
slip (D,) and the fault dimension (r). The ratio (Dg/T) multiplied by the
rigidity (p) leads to an estimate of stress-drop or the amount of stress
released by the faulting process, (5), although the actual slip along the
fault is probably highly variable. Another more precise measure of some
of these fault parameters can be obtained by synthesizing the observations
obtained on a worldwide basis, for example see Figure 9. The coherency



between neighboring stations such as the three east coast stations

(WES, OGD, SCP) is remarkable and is a common feature of most earth-
quakes. Note that the faulting had a strike-slip orientation along a
line 69° west of north, similar to the strike slip of Figure 8a,

with the northeastern side moving south relative to the southwestern
side. This dislocation results in a positive first motion or compression
in the eastern and western quadrants and negative first motion or
dilatation in the northern and southern quadrants. (Engineers: Compare
with Mohr's circle for pure shear.) Seismologists have used such
polarization plots for many years to determine the orientation of
faulting to aid in the interpretation of tectonic processes and in the
understanding of surface breakage. Following the waveform analysis

(6) for this event indicates that the faulting started at a depth of
about 9 km and developed into an_average dislocation of 2.5 meters on a
faulting surface of about 150 km“. Modeling these long period waveforms
tells us about the strength, orientation, depth, and overall duration,
but does not tell us about the details of rupture, that is, its direction
and velocity. These quantities can only be determined by strong motion
seismology or by modeling the local field. However, to accomplish this
we must model or account for propagational distortions caused by local
crustal structure,

Point Dislocations in Layered Models

The basic technique used in constructing synthetic strong motion
displacement records is to assume that an arbitrary distribution of
dislocations representing a fault can be modeled by a summation of a large
number of point shear dislocations distributed properly in space and time.
The actual number of points required is related directly to the wavelength
of interest. Next, one computes the Green's function which represents the
response of the local structural model, usually assumed to be a layered
halfspace, to a point shear dislocation with a delta function slip. An
example calculation using the generalized ray method (14), is displayed
in Figure 10. In general, the delta function response is somewhat
difficult to handle numerically and we use the temporal integral of the
Green's function, called the step response. As seen in Figure 10, the
difference in response between the halfspace and the layer over the half-
space is especially noticeable for the shallow source. The classical type
of Love wave dispersion becomes well developed when the layer contains the
source and is well understood in terms of the interference of rays. Comparing
the responses with the source situated just above and below the layer
boundary, see d = 3.5 and d = 4.5, one finds similar long period behavior
as expected from physical considerations.

To produce a theoretical displacement for a given slip history, s(t),
requires a convolution integration of s(t) with the derivative of the
step response. Some example calculations for a layer over a halfspace
are given in Figure 11 where the difference in radiation pattern becomes
especially apparent. This is because of the quadrapole nature of the
earthquake source and because any site will, in general, receive phases
departing from several sectors of the focal sphere. In the dip-slip case,
the vertical radiation pattern is such that rays leaving the source
horizontally are weak compared to those leaving vertically and thus the
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multi reflected pulses are relatively strong. The reverse is true for

the strike-slip case. Finally, since the development of the surface wave-
train involves a critical reflection effect, it is not surprising that

its development depends on A as well as source depth. With this brief
introduction of how to handle point source excitations, it becomes possible
to model the ground motion resulting from realistic faulting motions, at
least the longer periods, by superposition of these simple point source
elements.

Modeling Strong Motions

We next show some example observations that can be largely explained
by applying the above technique. The three data sets chosen for
illustration are from the Borrego Mountain earthquake, Brawley earth-
quake, and the San Fernando earthquake.

Unfortunately, not many local recordings are available for the
Borrego event because of its remote location. El Centro was the nearest
site (A = 60 km) where the event was recorded by Carder displacement
meters and by a standard accelerograph. An example of the strongest
component of motion is displayed in Figure 12 which shows the acceleration
and processed velocity and displacement., Since the earthquake was
essentially a strike-slip event, see Figure 8a, and the station is only
8° from the strike of the fault, we expected predominantly SH motion with
small motions on the vertical and radial components, all of these features
are well documented (12). The observed SH displacement is displayed on
the top of Figure 13 with a highly idealized synthetic model on the
bottom. Several models have been constructed to fit the first 40 sec
of motion. A 2.9 km thick layer with shear velocity of 1.5 km/sec
overlaying a halfspace with shear velocity of 3.3 km/sec gives a good
overall fit to the Love wave portion of the record for a variety of
distributed sources at depths ranging from 4 to 10 km. The source
distribution in this example is particularly simple, that is, two point
sources with slip histories chosen to be compatible with the teleseismic
information. The interpretation is that massive faulting occurred at a
depth of 9 km producing the powerful direct arrival followed by rupturing
in the upward direction, thus producing the proper amount of Love waves.
The detailed or fine scale properties of the faulting are still not
resolved due to lack of near-field data. Some synthetic displacements
displaying various plausible assumptions about the rupture parameters are
given in Figure 14. In this exercise we assumed a rectangular fault
with different epicentral locations, Ap, and allowed the elements to
turn on in sequence, simulating a rupture velocity. The seismic
moment was adjusted to obtain record strengths comparable to the data.
Note that the horizontal rupture direction and slip history are
particularly important with respect to the short period or high frequency
information. Thus, the strong acceleration and velocity spike at the
beginning of the record in Figure 12 could be caused either by a point
source or by substantial faulting motion directed towards the station.

In the above efforts we adjusted the crustal model to fit the
observations in a rather idealistic fashion, since the crustal structure
is known to be complicated in this region. In our second example, the
Brawley earthquake, we chose an event where the crustal structure is well
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represented by a layered model as determined by geophysical means (2),

and secondly, the event is small enough to be treated as a point source.
Since this event occurred in the well instrumented Imperial Valley region
we know its orientation and location accurately with the duration or slip
history being the only unknown parameter (13). A plot of the observed
tangential component obtained at the Imperial Valley College station is
displayed in Figure 15 along with synthetics for various assumptions about
duration. It appears that the 1.5 sec triangular slip history yields
excellent results and furthermore, we would have predicted about this
duration for a M = 5 event based on previous studies (15). However, we
still were not able to determine the detailed rupture properties, but only
an overall duration.

For our last example, we will consider the San Fernando earthquake,
which is well enough recorded to actually determine the rupture para-
meters independently. The data set obtained from this event is huge
(20) and has been discussed at length (8) showing the applicability of
seismological techniques to the interpretation of strong motion records.
He demonstrates the existence of surface waves and displays numerous
examples of the coherency of signals from neighboring stations. The near-
in stations show particularly large accelerations and have been discussed
at length (27, 8, 31). The latter author obtained relatively good fits
for the three components of motion obtained from the Pacoima Dam site.

In fact, it is the data from this station that allows relatively tight
bounds to be put on the rupture process.

We approached this data set following the same strategy used in
the Borrego Mountain study, namely we will initially constrain the fault
description to fit the teleseismic waveform data. Unfortumnately, the
waveforms produced by San Fernando, while being as coherent from station
to station as those displayed in Figure 9, are quite complicated with
rupturing occurring on two fault planes, starting at depth and propagating
towards the surface (25). A rectangular model similar to the one proposed
is displayed in Figure 16. We assumed a halfspace in modeling the nearest
stations and computed the Green's functions on a .5 km spacing. After
a diligent search (11), the slip distribution given by the contours
explains many of the observed properties including the static offsets.
Although it is necessary to present numerous observations and possible
slip distributions to support this proposed model, the comparison between
the synthetic displacements and data for PAC and LKH are the most
indicative; that is, to produce the required change in amplitude between
PAC and LKH requires very strong focusing to the south. This requires
a relatively narrow fault at depth, probably less than 6 km wide, with
about 2 meters of displacement. The rupture velocity is 2.8 km/sec for
the bottom segment and 1.8 km/sec for the top section. Note that this
model indicates rather small offsets beneath PAC and massive faulting
towards the south, probably within a km of the surface. Because of the
high apparent accelerations in the region just to north of the surface
break and because of the large stress drop implied (approaching the
breaking strength of rocks), this portion of the faulting surface is
of special seismological interest.

It is seen from these examples that relatively simple models of the



38

source mechanism and of the travel path can be used to describe the
observed low-frequency ground motion. Thus, the frequencies of

ground motion that show most clearly in the displacement traces are
believed to be determined by source mechanics and by geological layering.
The frequency ranges that dominate the velocity and acceleration
records, however, are not as yet modeled by this approach. To

replicate motions at these frequencies would require more detailed
models of the source mechanism and more detailed knowledge of the inter-
vening geological structure. From a practical viewpoint this knowledge
will probably not be available for typical sites, and the statistical
models developed in earthquake engineering may be useful.

SPECTRAL DESCRIPTIONS OF STRONG GROUND MOTION

The concept of modeling strong-motion acceleration by a random
process was first advanced by Housner (16). A significant body of
work has been performed on the subject since that time and there are
now available a variety of statistical models of strong ground motion.
Some of these models are quite sophisticated and include consideration
of such effects as temporal variations in amplitude and frequency con-
tent. The results of this work also include the construction of
artificial accelerograms for use in design calculations, and computer
programs for generating artifical accelerograms for Monte-Carlo studies
of structural response. These stochastic approaches have been able to
model many of the observed characteristics of strong ground shaking in
the sense that sample accelerograms and derived velocities, displacements,
response spectra, etc. show many features exhibited by actual ground
motion. In addition to being directly useful, the statistical modeling
of ground motion has furnished additional insight into the degree of
complexity of strong ground motion, particularly at shorter periods.
The approach is, however, essentially mathematical and while modeling
what is observed, does not clarify the basic mechanics of the generation
or propagation of strong ground motion.

It is interesting for the purpose of this paper, to try to relate
the statistical concepts underlying the simpler models of strong ground
motion to the spectral characterization of source mechanisms, as recently
developed in seismology. Figure 17 shows schematically the average
undamped response spectra of strong ground shaking found from examination
of strong, potentially damaging accelerograms (17). The records
considered are obtained from major earthquakes and have durations of
strong-motion of about 20 seconds. 1If such accelerograms are modeled
by comparably long segments of a statistically stationary random process,
the following statement can be made: The average of the undamped velocity
spectra is proportional to the average of the Fourier Spectra of the
model accelerograms, and to the square root of the power spectral demsity
of the underlying random process from which the accelerograms are
generated. The curve in Figpure 17 can therefore be interpreted as the
observed, average Fourier spectra of accelerograms of major earthquakes.
It is seen that the spectrum starts at low amplitude at small frequencies,
rises fairly rapidly to a roughly level central portion and then falls
away. There 1s insufficient data to determine the details of the shape,
but it is consistent with the data to take the initial size as proportional
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to w?, the central portion as level and the decay for high frequencies

as proportional to w~l. It should be pointed out that the spectral shape
in the figure is for major earthquakes; if smaller earthquakes are
considered, the spectral shape would change. In this case, the

ascending part of the curve would be shifted to the right, decreasing

the width of the central portion.

The spectral curve for acceleration can be transformed to one for
displacement by using the relation that in the frequency domain, the
spectrum of acceleration is w? times that of displacement. The resulting
displacement spectra is shown also in Figure 17. It is seen to begin
horizontally, then decay as w=2. For still higher frequencies the decay
is as w™3. This interpretation of strong-motion spectra is consistent
with spectra of the source mechanism of major earthquakes, as
interpreted by seismologists (l1). For example, the amplitude of the
horizontal part of the displacement spectrum is proportional to the seismic
moment. Another important parameter is the corner frequency, the
transition between the horizontal and w™2 segments of the displacement
spectrum. The decay rates w™? and w3 are also consistent with
seismological interpretations of earthquake generation and propagation.

Figure 17 and the accompanying discussion are intended to show
that seismological and engineering description of strong ground motion,
although different in approach and detail, are consistent in their
descriptions of the energy content of strong ground motion. This
consistency, once appreclated, should aid the application of the results
of source mechanism studies into engineering practice and some of the
statistical models of strong ground motion developed by engineers may
be used to augment seismological source mechanism models at high
frequencies.

DETERMINATION OF LOCAL MAGNITUDE
FROM STRONG-MOTION INSTRUMENTS

A recent development in strong-motion seismology is the use of
strong-motion instruments to determine local magnitude, Mj, which is
determined by the peak response of a Wood-Anderson torsion seismograph.
The instrument is, in essence, a one-degree-of-freedom oscillator
with a gain of 2800, a period of 0.8 sec and 80 percent critical damping.
The magnitude of an earthquake has come to play a dominant role in
earthquake engineering, and of the several magnitude scales in use, the
local magnitude is the most directly related to most engineering
applications because it is determined within a frequency band, and at
distance most pertinent to the response of structures, The surface wave
magnitude, Mg, is usually determined by waves of near 20 sec period
recorded at distances of hundreds or thousands of kilometers, and is
a better indicator of the extent of faulting and the duration of shaking.
It is not, however, a good measure of the strength of the ground motion
at much shorter periods.

The response characteristics of the strong-motion accelerometers
and the Wood-Anderson seismograph are such that it is possible to
use the recorded acceleration as an input to the equation of motion
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of the seismograph. This process generates a synthetic seismogram which
can then be read in the usual manner. This calculation has been performed
for many of the more important accelercgrams and the results are

available in a recent paper (24). There are two major results of this
study. The first is that the local magnitude, ML’ can be determined from
very large earthquakes for which no standard measurement is possible,

An example is the Kern County earthquake of 1952 which was found to have

a local magnitude of My = 7.2, the largest reported so far. (The commonly
used value of M = 7.7 was determined on the basis of body and surface
waves recorded at large distances.) A second result of this research is
that a large number of accelerograms are available from many recent earth-
quakes, particularly in southern California, and these can be used to
determine reliable values of Mj, by averaging.

It is clearly advantageous in the construction of attenuation
relations and in other engineering applications to use a consistent
magnitude scale, which this study allows. Another potential application
occurs in the design of major projects in which the design earthquake is
often specified by geologists and seismologists in terms of a shock of
a given magnitude, occurring on a specified location on a fault. Under
these conditions, if accelerograms can be selected which are representative
of the design earthquake in terms of duration and frequency content,
they can be scaled to give the predetermined magnitude. This can be done
because the local magnitude indicated by an accelerogram depends only on the
acceleration history and the ascribed distance. Thus, in some cases,
it appears possible to avoid statistical relations between magnitude
and strength of ground motion, and also to verify the appropriateness
of design acceleration histories determined by other means. Additionally,
it is possible to investigate the inherent variation in response spectra
of ground motions giving the same magnitude at the same distance, and
studies along these lines are in progress.

In a related study (23) not yet completed, the method has been extended
to determine Mj from seismoscope records. The technique uses a basic
result from the theory of random vibrations to extrapolate from the response
of the seismoscope to that of the Wood-Anderson seismograph by making
corrections for the different gains, periods and dampings of the two
instruments. The accuracy of the extrapolation has been verified by
application to data from the San Fernando and Parkfield earthquakes
wherein both accelerograph and seismoscope records are available from
the same sites. The accelerograph data from these sites was used to
synthesize the Wood-Anderson response which was then compared to that
estimated from the seismoscope records. The average magnitude determined
by the approaches are very nearly equal, as are the dispersions about the
averages, The approach is being applied to important earthquakes in which
seismoscope data, or similar information, comprise the only strong-motion
data available. In particular, the Guatemalan earthquake of 1976 and
the 1906 San Francisco earthquake are being examined, Preliminary
determinations of M; for these earthquakes give values significantly
less than the magnitude determined on the basis of surface waves. This
is consistent with the saturation of the local magnitude with increasing
surface-wave magnitude noted (24).
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SUMMARY

We have tried in this brief presentation to highlight some of the
recent developments in strong-motion seismology. Also, the status of
the strong-motion networks in this country and the data so far obtained
were reviewed. 1In closing, we would like to make the point that the
recent increase in the quantity of strong-motion data, particularly
that from the San Fernando earthquake, has permitted advances in
strong-motion seismology to the point where some of the features of
ground motion of interest to engineers can be modeled by seismological
techniques previously applied only to more distantly obtained seismo-
grams. The mechanics used in these approaches are, however, familiar to
many engineers who deal in stress analysis and wave propagation and
we believe that earthquake professionals can look forward to a coming
together of the engineering and seismological viewpoints on the generation,
propagation and interpretation of strong ground motion.

Contribution Number 3138, Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, California 91125.
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Figure 1. S74°W component of
acceleration recorded at Pacoima
Dam during the San Fernando
earthquake of February 9, 1971.
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Figure 2. S69°E Component of
acceleration recorded at Taft
during the Kerm County
earthquake of July 21, 1952.

Figure 3. SMA-1 film-recording strong-
motion accelerograph.



46

Figure 4. Strong-motion seismoscopes. Record is scribed on
smoked glass dish at top of instrument.

Figure 5. Seismoscope record obtained at
the University Administration building
during the Guatemalan earthquake of
February 4, 1976, North is to the
left.
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Figure 9. Observed (top) and synthetic (bottom) long period P wave
forms at 14 WWSS stations, MAT (Japan), SEO (Korea), COL (Alaska),
KEY (Finland), NUR (Finland), WES (Mass.), OGD (New Jersey), SCP
(Penn.), NAT (Brazil), BOG (Colombia), BHP (canal Zone), LPB
(Bolivia), ARE (Peru), NNA (peru). The P-first motion plot is
represented by the equal area stereographic projection of the
lower half of the focal sphere. Black dots indicate compression
(upward breaking P) and open circles indicate dilatation (down-
ward breaking P). The heavy solid lines denote the nodal planes
used in determining the fault orientation, 6 (strike), &8 (dip),
X (slip direction). Modified (6).
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Figure 11.

SH displacements and
velocity components for a strike-
slip and dip-slip dislocation in

a layer over a half-space model.
The elastic parameters are R=3.3
km/sec, p = 2.7 gm/cm3 for the
halfspace and 8 = 1.5 km/sec,

0 = 1.9 gm/cm3 for the layer.

The source is buried at a depth

of six km with a 2 km surface
layer. The far-field source time
function is assumed to be a
trapezoid of unit height described
by three time parameters, &t, = .1,
Gtz = .2, and S8t, = .5. The time
integral of this pulse is pro-
portional to My = 1.66 x 1023
dyne-cm, which fixes the magni-
tude of faulting displacements.
Signal amplitudes are plotted
relative to the top trace for each
type of fault.
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tangential ground motion with
synthetics which have different
duration triangular far-field
time functions. The far-field
time functions are displayed
directly under the first pulse
in the corresponding synthetic.
A strike-slip point source with
a depth of 6.9 km and a range of
33 km was used in all of these
syntheties. The crustal para-
meters are P-velocity a; = 2.0
km/sec, ay = 2.6, ag = 4.2,

a, = 6.4; and S-velocity By = .88
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SOIL & GEOLOGIC EFFECTIS ON SITE RESPOXNSZ

by
Neville C. Donovan

ABSTRACT

During the past decade the profession has gone from a feeling of
optimism to a growing degree of caution over the use of one-dimensional
site response analyses as a means of quantitatively developing site
specific design parameters. The success of demonstrating site effects
by analytic means was a significant advance, but also led to neglect of
other equally significant parameters. The ability to model a special
case and the weaknesses of the model are demonstrated in this paper by a
comparison of computer and recorded motions.

Much attention has been given in the literature to the extremes of
strong motion recording. A more rational approach is described in this
paper where the mean value of data sets are used in conjuction with the
distribution of data values about that mean. Procedures for developing
site specific design criteria are described based on mean values with
the use of a known measure of conservatism.

INTRODUCTION

A short historical review is useful for placing some perspective
on the state—-of-the—art. For the purpose of this paper considering the
effects of soils and local geology on site response in the United
States, it is sufficient to start from 1968. The pioneering efforts of
Kanai (21) in Japan and the work by Herrera and Rosenblueth (17, 18)
demonstrating the ability to analyse the effects of distant earthquakes
in Mexico City must not be overlooked. At a 1968 symposium organized by
the Earthquake Engineering Research Institute in San Francisco a paper
by Seed and Idriss (33) showed that local soil effects in San Francisco
could be effectively modelled by an equivalent lumped mass system. A
companion paper by Donovan and Matthiesen (8) showed that wave
propagation theory using vertically ascending shear waves could also be
used to explain the local effects in San Francisco.

ANALYTICAL PROCEDURES

Computational difficulties in the early use of the wave
propagation theory led to development and more extensive use of the
lumped mass system even though it was much more difficult to model soils
systems and especially hysteritic damping in this way. Whitman and his
coworkers (7) showed that the two methods could give similar results.
After the wave propagation method using the Fast Fourier Transform was
incorporated by Schnabel, Lysmer, and Seed into the program SHAKE (31),
wave propagation became the dominant method used throughout the
profession for the computation of ground profile effects on earthquakes.

*Principal Engineer - Partner, Dames & Moore, San Francisco, CA.



56

The method is restricted to analysis of a linearly elastic model with
nonlinear effects represented only by a reduction of the shear modulus
to a value proportional to some assumed average strain.

Because analyses are usually performed by using a complete program
which takes as input a rock or deep soil acceleration record together
with the soil properties and then computes an acceleration or stress
record at the surface or some intermediate level, the power and sophis-
tication of the component parts are often not recognized. The method
consists first of transforming the record, such as an acceleration time
history, from the time domain to the frequency domain by the use of Fast
Fourier Transform techniques. This is combined with the transfer
function of the soil profile using complex arithmetic and then the
product is inverted, again using Fast Fourier techniques, to obtain the
output in the time domain. It is little recognized that, except for
relatively minor changes due to the iterative differences in computing
an equivalent linear modulus, the transfer function or soil effect which
can be represented by an amplification spectrum will be the same for
similar strength time records. 1In estimating effects of different
profiles, the use of an amplification spectrum which does not include
the effects due to source mechanism and other travel path properties can
show site effects much more efficiently than analyses based on time
history outputs from the profile model.

The Fourier Transform of the motion is a complex variable which
can be represented in real quantities by a phase and an amplitude.
Phase has often been neglected in favor of the absolute value of the
amplitude spectra which is usually referred to simply as the Fourier
spectra. Phase is important especially in near field studies where a
large displacement pulse may be present. Such a displacement pulse may
be retained following considerable tampering of the amplitude spectra
provided the phase spectra is not changed.

Let us examine the situation resulting from different approaches
to analysis of a well known site where motions have been recorded, the
Southern Pacific Building at the foot of Market Street in San Francisco.
This site has alternating sand and clay layers over rock at a depth of
220 feet. Figure 1 shows the amplification spectra for this site using
a linear model with the modulus and damping for each layer compatible
with an average strain equal to 65 percent of the maximum value. Figure
2 shows the input and output response spectra for a sample application
of a wave propagation analysis. 1In this case the input motion used was
one component of the 1952 Taft record used without any scaling of
amplitude.

The computed profile effects shown in these first figures are
based on the use of a linear model. Weaknesses of a linear model are
readily apparent. The motion at the fundamental period of the profile,
in this case 1.25 seconds, is very strongly amplified with a rapid fall
off away from this frequency. I1f we examine the actual response spectra
computed from the motion recorded during the 1957 San Francisco
earthquake shown on Fig. 3, we see a maximum response at the fundamental
period of the profile. However there is a much wider response
containing other frequencies so that the attenuation away from the
fundamental period is much less rapid than that computed using linear
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vertical wave propagation analyses. It was perhaps the ability to model
the peaks of response spectra that led to great optimism over one-
dimensional analyses. The Taft record which was also used in the Fig. 3
example was scaled down in amplitude so that the resultant response was
different from that shown in Fig. 2. The Taft record has much energy in
the range of periods between 0.4 and 1 second so the computed response
exceeds the recorded motion response in this area, but fails to transmit
the short period motion evident in the recorded motions. This differ-
ence between measured and computed response 1s pronounced even in the
case of the 1957 earthquake, a small amplitude event for which a linear
approximation would be expected to work well.

There have been many recent developments in the application of
non-linear approaches to the computation of site response. Such
analyses must be performed in the time domain. Computational procedures
may be based on, but are not restricted to the method of characteristics
(Streeter et al, 36) and finite difference techniques (Taylor and
Larkin, 37).

The preceding discussion, while raising the weaknesses of the
linear analysis of vertical wave propagation, has not questioned the
basic assumption of vertical propagation. This too should be
questioned. The arrival of motion at a site is not a simple process
involving only vertical wave propagation. If this assumption was
correct then there would be little difference between the response
spectra of individual components in the horizontal directions at the
same site. These often differ from each other by amounts equal to the
effects we seek to demonstrate. The ratio of spectral amplitudes for
the two horizontal components shown on Fig. 3 are plotted on Fig. 4.
The spectral amplitude ratio when the N45W component response is divided
by the N45E component has values between 0.6 and 2.3. This variation
between individual components at the same site during the same event
should be considered in the discussion of uncertainties later in the
paper.

Another example illustrating difficulties with the simple
assumption can be taken from records made at the Southern Pacific
Building during the 1969 Santa Rosa earthquakes. These records which
were obtained from a distant event with low levels of motion would be
expected to give excellent agreement with a linear response analysis.
The recorded motion lasting 24 seconds was digitized and response
spectra were computed. Two sets of spectra are shown on Fig. 5. The
spectra shown in Figure 5(a) were computed from the actual records. It
is readily apparent that the fundamental period of the Southern Pacific
site was not excited by the actual record while the site response study
suggests there should have been a significant response at that period.
Spectra shown in Fig. 5(a) were obtained from a site response study of
20 second duration. It was only when the duration was severely
repressed in the analytical study that response spectra similar to those
recorded were obtained.

An examination of the response time history of one component of
the 1968 recorded motion at two different periods is shown on Figure 6.
The dispersion of the wave motion cam be readily seen in the different
responses and is especially apparent after 3 seconds where the 0.29
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second motion reaches its peak value while the large period amplitude is
still very small. If the earthquake motion reached the site as surface
waves, the longer period motion would be expected to be within the first
arrivals. This is obviously not so and leads to the conclusion that the
short period motion is produced by body waves taking a deep travel path
and reaching the site first while the longer period motion is probably

produced by surface waves which reach the site at a slightly later time.

The suggestion is offered, therefore, that any means of site
modelling that represents site response as being based on a simple
response to a single type of motion, either as vertically propagating
shear waves, or other motions such as Rayleigh waves, should be
considered only as a guide to estimating the site effects on ground
motion and not for the development of acceleration time histories for
design.

GROUND MOTION PARAMETERS

It is perhaps in response to these difficulties in the analytical
methods that much more attention has recently been given to the empir-
ical evaluation of design spectra by using average response spectra.
There were insufficient records to perform such studies until recently.
Average spectra were first prepared on the basis of exclusion of site
and distance effects, [Newmark (26), Blume et al (3)]. Subsequent work
by Seed et al (34) and Mohraz (25) has included site effects. The
methods adopted by different investigators are not the same but
comparison of the end results are similar. This is not surprising as
the separate studies all use the same strong motion records as the
primary data base.

The starting point for developing both non site-specific and site
matched design spectra is the choice of an acceleration value to which
the spectra is scaled. The choice of peak acceleration as the basic
design parameter is a poor one. This has been discussed at length
within the profession and will not be continued here. Where
acceleration is used as a scaling parameter against which other ground
motion terms can be related it is a useful quantity. A term defining an
acceptable scaling parameter is believed to be "Effective Peak
Acceleration" (EPA) developed by the Applied Technology Council (1).

The definition of EPA which is summarized in Donovan et al (12) can be
defined in the following way. “For a specified actual ground motion of
normal duration, EPA and EPV (effective peak velocity) can be determined
as illustrated in Figure 7. The 5 percent damped spectrum for the
actual motion is drawn and fitted by straight lines between two sets of
periods (see figure). The ordinates of the smoothed spectrum are then
divided by 2.5 to obtain the EPA and EPV. The EPA and EPV thus obtained
are related to peak ground acceleration and peak ground velocity but are
not necessarily the same as or even proportional to peak acceleration
and velocity.”

The introduction of an EPV term as a second scaling parameter was
required because a single parameter related to acceleration cannot even
approximately describe response spectra which result from large distant



59

earthquakes. The effective peak acceleration will be similar in magni-
tude to the average instrumental maximum value but should not be
expected to be equal to any individual value.

If effective peak acceleration defined on the basis of a
probabilistic assessment is taken as the starting point, it is then
possible to construct design reponse spectra using velocity and dis-
placement motion directly. Before doing so, it is important that the
level of uncertainty that is present in the development of each of the
necessary parameters including peak acceleration be considered.

Peak Acceleration Uncertainty

The extent and effect of the level of uncertainty are best
illustrated by considering some examples. Figure 8 shows data points
obtained from strong motion instrumentation during a magnitude 5.5
earthquake which occurred near Ferndale, California, on June 7, 1975.
These are compared with estimates of peak acceleration using different
relationships. Some of the values on Figure 8 lie more than 2 standard
deviations beyond the mean values upon which the curves are based. 1In
the near field, recent work by Hanks and Johnson [16] suggests, that for
magnitudes above 4.5, peak acceleration may have no relationship to
either the earthquake size or the true severity of ground shaking on
structures.

Attempts have been made to correlate Modified Mercalli Intensity
(MMI) values to acceleration. These can lead to several inconsistencies
which are best illustrated by considering data from a single event.
Figure 9 shows the 1soseismal map for the February 9, 1971 San Fernando
earthquake as prepared by the Unilted States Coast and Geodetic Survey
which is now the Seismic Engineering Branch within the United States
Geologic Survey. The most common procedure in estimating attenuation of
MMI with distance is to compute the radius of the equivalent circle
having the same area as the 1soseismal line and use this value as a
single data point. Bollinger (4) has shown that this can produce a
conservative bilas to the interpretation. This bias is demonstrated on
Figure 10 where the individual reporting stations from which Intensities
were derived are shown as solid circles. The values of the equivalent
radil are shown as triangles. The biasing effect of the equivalent
radii method 1is immediately evident. 1f least squares procedures are
used to produce a best fit curves such as a straight line or a parabola
it can then be seen that the extent of this blas is approximately one
unit of Intensity and 1s nearly constant. The constant bias shows that
the procedure by which isoselsmals are drawn 1s comsistent. Because
most acceleration to Intensity relationships show an approximate
doubling as MMI increases by one unit the bias effect is a very
slgnificant parameter. It may be claimed that as most of the data
values are based on small Intensity values with consequently small
acceleration levels the interpretations are not valid. While the claim
may be valid it should not be honored because all MMI attenuation
relationships, especially those from eastern U.S. earthquakes are based
on small Intensity values.
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If the intensity to distance curves on Figure 10 are used and
converted to acceleration and distance using an MMI to acceleration
relationship, the results illustrated on Figure 11 are obtained. The
actual MMI to acceleration relationship used is in unimportant as all
show the same general trend. The mean attenuation relationship for peak
acceleration obtained using the recorded strong motion instrument data
1s also shown on Fig. 1l. The disparency in the shapes of the two types
of curves on Fig. 1l confirms the known poor correlation between
acceleration and Intensity. MMI values are based wherever possible on
observed damage. As design criteria should be based on these
observations and used to prevent future damage the results shown on Fig.
1l can be interpreted as an alternate means of justifying design
acceleration or EPA values that are less than peak acceleration values
in the near field region of large earthquakes and larger than peak
instrumental values in areas where distant earthquakes are more
important (12).

Values of the uncertainty associated with the computation of
acceleration for derived attenuation relationships are shown in Table 1.
As the relationships are expressed in exponential terms and the varia-
bility is known to be lognormally distributed, the factor listed is more
significant than the standard deviation. This factor is the quantity by
which the mean value must be multiplied to find the value one standard
deviation higher than the mean value.

TABLE 1
Estimates of Uncertainty

Standard Deviation

Author Lognormal Factor
a) acceleration
Esteva 1970 1.02 2.8
Esteva & Villaverde 1973 0.64 1.9
Donovan* 1973 0.48 1.6
Donovan 1973 0.71 2.0
Donovan & Bornstein**1975 0.3 >0.5 1.3>1.6
Seed et al*#*=x 1976 0.34>0.51 1.4>1.7
McGuire 1974 0.51 1.7
b) velocity
Esteva 1970 0.84 2.3
Esteva & Villaverde 1975 0.74 2.1
McGuire 1974 0.63 1.9
¢) displacement
McGuire 1974 0.76 2.1
* San Fernando data only

**  Site specific relationship
*** GSeed et al data are sorted by site characteristics
and consider only one magnitude level
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The values show that when a complete data set is considered
without the classification of site conditions, the standard deviation
factor may be as large as 2. There is little data published regarding
the standard deviation for site specific acceleration data but Donovan
and Bornstein have estimated that for accelerations on rock and stiff
soil sites the standard deviation factor may be reduced to approximately
1.5, What this implies is that even when the site conditions and the
location of the probable source are known there 1s only a 70 percent
chance of measuring a value within plus or minus 50 percent of the
computed quantity.

The attenuation equations referenced above are only a selection of
those available. A comprehensive list of those presently available was
compiled by Idriss (19). Together with the compilation Idriss presented
somewhat detalled comparisons of the results obtained by using the
equations in a deterministic way. Direct use of any attenuation
equation should not be undertaken without consideration of the
uncertalnty associated with that relationship when uncertalnties as
large as those shown in Table 1 exist. An example of correct usage of
an equation is demonstrated in a seismic risk anaysis where the mean
attenuation relationship is used throughout the analysis but is always
taken in combination with the probability distribution of the data about
that mean.

Velocity and Displacement Uncertainty

Velocity and displacment have been examined in two different ways.
The more common method in use at the present time is a comparison of the
peak velocity and displacement with the peak acceleration. Some efforts
have been made by Esteva (13) and McGuire (22) to develop direct atten—
uation equations for peak velocities and displacements. Velocity and
displacement data exhibit much more scatter than acceleration and are
greatly affected by site conditions but in a different way. Whereas
high rock accelerations may be attenuated by a soil profile and small
accelerations may be amplified, velocity and displacement values tend to
be amplified at most motion levels. The standard deviation factors for
some velocity and displacement equations are also included in Table 1.

The direct comparison of peak velocity and peak acceleration was
first undertaken by Newmark and Hall (27) and has been repeated by
others. Site conditons have not been considered by Newmark and Hall but
Mohraz (25) has extended work initially performed with Hall and Newmark
to include these effects. Some of the basic relationships are given in
Table 2, While Table 2 shows the similarity of results by different
investigators, Mohraz is the only one to show the standard deviation
multiplier. These values in Table 2 show that the uncertainties in the
quantity ratios from specific events is approximately equal to the
uncertainty between the individual quantities themselves. The attenua-
tion relationships proposed by Esteva and McGuire are magnitude
dependent and will give different v/a ratlos for different magnitude and
distance values. The values in Table 2 do not include magnitude and
distance so a comparison of the range of values predicted by use of the
mean attenuation equations of Esteva and McGuire can provide additiomal
insight. If the range of magnitudes is varied between 4.5 and 7.0 and
epicentral distances are varied between 1 and 65 kilometers (0.6 to 40
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miles), then the variation of the v/a ratio for Esteva (1973) 1s between
81 and 119 cm/sec/g (32 to 47 inches/sec/g) with a mean value of

102 cm/sec/g (40 inches/sec/g). Similar values for McGuire vary between
60 and 133 cm/sec/g (23 to 52 inches/sec/g) with a mean value of 89
cm/sec/g (35 inches/sec/g). The variation in the ratios computed
directly from the equations are in accord with seismological observation
that the velocity to acceleration ratio should increase with both
increasing magnitude and increasing distance from the source. Some of
the difficulties in working with statistics using limited data sets are
shown in Seed et al (35) where the conclusions reached are not in
agreement with observation and imply that velocity attentuates more
rapidly than acceleration for deep cohesionless soill sites.,

TABLE 2

Ground Motion Parameter Ratios

Standard
v/a v/a via v/a Deviation

Newmark-Hall Seed et al Mohraz Factor

Profile Type cm/sec/g cm/sec/g cm/sec/g Mohraz

L* S* L S
Rock 61(24)*%* 66(26) 61(24) 69(27) 1.58 1.63
Stiff Soil -— 144(45) - -— - -
Deep Sand - - 76(30) 91(36) 1.53 1.61
Alluvium 122(48) 142(55) 122(48) 145(57) l.44 1.49

* Mohraz considered horizontal data in two sets. L comprises the set
containing the largest horizontal component from each site and the
S set contains the lower value.

** Numbers in parentheses are in units of inches/sec/g.

Response Spectra

The procedure for construction of a design response spectra should
be reviewed briefly. The most common procedure follows the method
developed by Newmark and Hall where the basic ground motion parameters
based on particle acceleration, velocity and displacement are used as
the starting points. The velocity and displacement values are usually
obtained by scaling from the statistical v/a ratios and the dimension-
less term ad/v“, These ground parameters, the starting point for
spectral construction, are shown on Figure 12 for a site on a deep soil
profile with an effective peak acceleration of 0.lg. Using the v/a
ratio of Newmark and Hall the_equivalent particle velocity would be 4.8
inches per sec. With an ad/v” ratio of 5 the equivalent particle dis-
placement would then be 3 inches. From these ground parameter values,
spectral amplification values are used to draw the design spectra for
the appropriate damping levels. Two spectra are shown for a damping
level of 5 percent on Figure 12. The lower spectra is based on mean
amplification values and the upper curve represents the 84 percentile or
one standard deviation beyond the mean.
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The uncertainty in the spectral amplification must also be
considered. Estimates of the uncertainty appear to vary slightly across
the spectrum at different periods but are not great enough to warrant
special attention. In Table 3 the average ratio between the mean
response spectra coefficients and the mean plus one standard deviation
coefficients are shown for three different damping levels. As these
spectra are computed from selected data sets and are not based on the
total data, the standard deviation should be expected to be slightly
reduced.

TABLE 3
Spectral Uncertainty

Averaged Across Spectra

Damping Level Blume-Newmark Mohraz Seed et al
.02 1.42 1.41 -
.05 1,32 1.36 1.4
.10 1.30 1.31 -

It can be seen that no matter how ground motion input for design
is defined a large amount of uncertainty exists. This uncertainty must
be recognized. It is imperative that the uncertainty be included as a
part of the design study for the whole project rather than by separately
compounding the uncertainty of each individual part. Unbridled conser-
vatism could quickly lead to ridiculous criteria. If a conservative
acceleration 1is chosen and spectra are then constructed using
conservative ground motion ratios and spectral amplification factors, it
is an easy step to end up with criteria that are up to 4 or 5 times the
most probable or mean value. This conservative factor only relates to
the ground motion portion of the design criteria. When each step is
considered in this way the use of maximum conservatism 1s
unconscionable.

To some extent the problem in making a reasonable design choice
has been compounded by the separation of parts of the problem between
disciplines. The seismologist and geophysicist may recognize the
uncertainty of the representative peak parameters, but consider they
have failed if an event should occur with peak parameters larger than
their recommendations. The earthquake engineer in turn may not know the
amount of conservatism in these parameters and include the uncertainty
in the spectral parameters on the basis that the prior numbers are mean
values.

RECOMMENDED USAGE OF PARAMETERS

Although the difficulties in the compounding of uncertainties
should be avolded it is important that the uncertainty be considered in
the selection of design values. This inclusion of uncertainty should be
only to the extent that the total degree of conservatism is not much
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greater than that existing in the selection of individual parts. For
example, the choice of mean acceleration and ground motion ratios with
84 percentile spectral amplification ratios is one useful concept.

It was the stated intent of Hall, Mohraz and Newmark (15) in
recommending the use of mean plus one standard deviation (or 84
percentile) response spectral amplification values that mean values
would be used for the basic ground parameters including acceleration.
Unfortunately this intent is often ignored. Page (30) has made the
spurious assertion that the measures of peak acceleration is primarily a
function of the number of instruments deployed. It is reasonable to
expect that a rare but ever larger maximum will be recorded as the data
set increases in size., At the same time as the maximum of the maximum
values increases, the mean value will become more firmly established.
Statistical evaluations and studies must be based on mean values even if
they are from a set of maximum values.

The difficulties 1n the choice of parameters for design have been
pointed out in the previous sections of this paper with almost complete
abandon. It becomes necessary, therefore, to describe in a step by step
fashion how some of these difficulties can be avoided in a logical
manner. The first step in current design procedures is the selection of
an acceleration value to be used as a scaling parameter for development
of the design spectra. This acceleration value may be developed from a
seismic risk analysis (6, 24, 11) or obtained by other means such as
assuming a known source and using an attenuation relationship. What
attenuation relationship should be used? While the writer has a
preference to those he has developed, (9, 1l1) this is a reaction based
on familiarity. Others can also be recommended for use in developing
design acceleration values if they are based on a large data base (22).
The need for a wide range of data rather than selected data is to ensure
that the mean peak acceleration will closely approximate the design
acceleration or EPA value. The attenuation relationship by Schnabel and
Seed (32) and those by Page et al (29) do not satisfy these criteria.
Many factors are known to affect acceleration levels but few are yet
sufficiently understood. There is sometimes a strong directional effect
for example, (2) and at present little 1s known about the difference in
ground motion on strike slip faults in contrast to the ubiquitous data
from San Fernando. The writer usually uses several attenuation
relationships and attempts whenever possible to logically reconcile the
differences between them before making a choice of the design
acceleration level.

Where the site under study is different from those upon which the
attenuation data was obtained, selection of a value for a stiff soil or
rock site is recommended as a first step. This value can then be
converted to a design acceleration for the appropriate soll profile by
use of Fig. 13 which was developed by Seed et al (35).

Once the acceleration has been chosen a v/a ratio appropriate for
the site conditions and the magnitude and distance of the event should
be selected. At the present time this is preferable to direct use of
any velocity attenuation relationship. For moderate distances (20 to 40
km) the values of v/a listed in Table 2 would be appropriate. For other
distances some adjustment should be made recognizing that the ratio
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increases with increasing distance and with increasing magnitude (23).

There has been apparent disagreement in the literature because
Newmark and Hall (27) have apparently not considered the effects of
different soil profiles. This difference however, is more apparent than
real and can be shown as follows. The effect of a soft soil site is to
reduce the acceleration level and increase the v/a ratio. For example
using Fig. 13, a rock acceleration of 0.2g would be reduced to 0.16g for
a deep soil or alluvium site. At the same time the v/a ratio would be
increased beyond the 122 cm/sec recommended by Newmark and Hall (which
is not a mean value) to 142 cm/sec. The actual ground motion velocity
values to which the spectral amplification values are applied would be
24.4 cm/sec and 22.7 cm/sec respectively and show that except for the
short period portion of the response spectra there is very little real
difference in the two seemingly disparate approaches.

Displacement can be computed using a value of ad/v2 of 5 or 6 and
the previously developed acceleration and velocity values. Nuttli (28)
has noted that displacements on soft sites are approximately 4 times
those on rock. This is in agreement with the factor of 2 noted in the
v/a ratio for the same conditions.

With the ground motion parameters established and constructed as
shown on Fig. 12 the spectral amplification values for acceleration,
velocity, and displacement can be obtained from tables prepared by Hall
et al (l4) or Mohraz (25) for the desired damping levels. Although
there are differences in the amplification values for the different soil
profile types these values are comparatively small so that the major
effects or spectral shape are directly controlled by the ground motion
parameters.

Where the design event magnitude is close to 6.5 an alternate
procedure would be to use the average spectra of Seed et al (34)
directly. The average spectra recommended by Seed et al, and Mohraz for
different soil types normalized to O.lg are shown on Fig. 14(a) and
14(b). Also shown on Fig 14(c) is the recommendation of Hall et al.

The difference in spectral amplitude in the Hall spectra comes about
because the v/a ratio is not based on a mean quantity.

The spectra shown in Fig. 14 are mean spectra based on mean ground
motion parameters. If the design acceleration to which the spectra will
be proportioned has been chosen using a mean value these should not be
recommended as design spectra. No conservatism has been included.
Instead the recommended procedure would be to take the 84 percentile
values from the spectral amplitude tables of either Hall et al, or
Mohraz and prepare design spectra in this fashion. Fig. 15 shows the
recommended design spectra with a damping of 5 percent for the design
acceleration of 0.2 g on rock and the comparable value of 0.16 g on a
deep soil profile using the suggested procedures of Mohraz and Seed et
al which are site specific and the method of Hall et al which is not.

Where it 1is intended that design be based on use of an accelera-
tion time history the choice of the ground motion record should be
undertaken with great care. While it is not a difficult problem to
develop a time history that can match a specified average response
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spectrum as demonstrated by Tsai (38) it is neither unique nor truly
representative of the average when used in a multi degree of freedom
analysis (10)., It is beyond the scope of this paper to discuss this
problem in detail, but it is believed that methods that seek to closely
model the actual propagation of fault rupture such as suggested by
Guzman and Jennings (14, 20) offer the most promise at this time.
Strong motion seismology is also achieving success in modelling the
displacement records in strong motion (5). As the acceleration values
are largely controlled by irregularities in geology and fault rupture
the theoretical modelling of acceleration records other than in a
probabilistic sense is not yet possible.

CONCLUSIONS AND RECOMMENDATIONS

There has been considerable progress made in the study of the
effects of soil and geology on site response. This progress became very
rapid during the early part of this decade. At that time the flush of
success in explaining some of the observed effects during earthquakes by
using simple site models led to overuse and some misuse of the models.
The large amount of data obtained from the San Fernando earthquake
showed that simple models were not adequate to explain observed
phenomenon. At the same time the large amount of data has enabled
direct empirical evidence of site effects to be compiled. These
empirical procedures carefully applied with the use of mean values and a
reasonable degree of conservatism offer a much more attractive means of
evaluating site effects on ground motion than is possible with any
presently available one or two dimensional linear or non linear site
model. Analytical procedures still have a wide role. Analytical
techniques involving soil and structure models are required for soil and
structure interaction studies. The loss of strength of cohesive soils
during cyclic loading and the generation of pore pressures in sands and
silts need the understanding that comes from detailed studies to provide
the ability to make a rational extrapolation of field observation from
past earthquakes to problems of present design.
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SOIL DYNAMICS CONSIDERATIONS FOR MICROZONATION
by
M. A. Sherif! and I. Ishibashill
ABSTRACT

Microzonation for earthquake effects involves the determination of
relevant site characteristics and their incorporation into land-use
planning and the design of earthquake-resistant structures to reduce
damage to human 1ife and property in the event of seismicity. The engin-
eering behavior of soils plays an important role in the microzonation of
regions for earthquake effects. In considering soil effects that enter
into seismic microzonation, engineering interest focuses on assessing
(1) soil Tiquefaction potential, (2) soil densification characteristics,
(3) loss of soil strength due to dynamic loading and (4) shear moduli and
damping properties of soils. The first three soil factors provide informa-
tion on the strength and stability of the soil deposits in the area, while
the fourth (shear meduli and damping) is used in analytical estimation of
ground response, from which the magnitudes of accelerations,and hence the
forces to which the structures in the area will be subjected during earth-
quakes,are determined.

I. SOIL LIQUEFACTION

Liquefaction is recognized as a phenomenon whereby certain sands and
sandy soils totally lose their supportive capacity and behave almost 1like
Tiquids under dynamic or earthquake-type loading. Liquefaction in sands
is brought about to a great extent as a consequence of pore-pressure
buildup and to a lesser extent due to favorable reorientation of soil part-
icles in such a way that the soil-water system enters a stage at which it
exhibits least resistance to applied forces. In engineering practice the
soil is considered to have liquefied when the pore-pressure rise reaches
the value of the total overburden stresses on the soil. When this hap-
pens, the strength of the soil reduces to zero, as indicated in Eq. 1.

T = (OT - u)tan¢ (1)

where t = shear strength; 97 = total overburden pressure; u = pore pres-
sure; and ¢ = angle of internal friction.

I.1. Preliminary Evaluation of Site Liquefaction Potential

In order to make a preliminary assessment of the liquefaction poten-
tial of soil deposits over a large area in a seismically active region, it
is suggested that the following preliminary liquefaction-potential evalua-
tion procedure, outlined in Fig. 1, be followed. First, field investiga-
tions are conducted to determine whether any liquefiable soils exist
within 50 feet below the ground surface (sand, silty sand and clayey sand

I Professor of Civil Engineering and Adjunct Professor of Quaternary
Research, University of Washington, Seattle, Washington

II Research Assistant Professor of Civil Engineering, University of
Washington, Seattle, Washington.
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are liquefiable; clay, silt, loam, organic s0il, gravel and others are less
susceptible to liquefaction). The second step is to see whether the above-
determined liquefiable soils lie below or above the water table. Liquefac-
tion is considered less of a problem if the liquefiable soils 1ie above the
water table. There is evidence to suggest that if a non-liquefiable soil
layer extends to a depth of 10 feet or more immediately below the ground
surface, structures founded on it do not suffer appreciable damage, even if
Tiquefiable soils exist below the non-liquefiable surface soil layer (Ishi-
hara, 1973). Next, if the grain-size distribution curves are available,
screening is performed to determine whether the gradation of the ligque-
fiable soil falls within the 1iquefaction-susceptible range, as shown in
Fig. 2. The last step in preliminary ligquefaction evaluation involves
checking the standard penetration blow count N at the site. Several
critical curves regarding Ny have been proposed. Fig. 3 shows envelopes
of those curves, which could be used for liquefaction evaluation. By using
the above process of evaluation and coupling it with the geological map and
seismological data on the area, the sites could be zoned on a preliminary
basis into liquefiable, questionable, and non-liquefiable categories.

I1.2. Detailed Evaluation of Site Liquefaction Potential

~ When engineers require more accurate information regarding soil lique-
liquefaction potential under an important structure, detailed liquefaction
gva]uation could be carried out by (1) using an analytical prediction
involving the time history of pore-pressure buildup in saturated sands,
or (2) comparing the induced shear stresses (calculated through response
analysis) with the shear stresses causing soil liquefaction during labor-
atory testing under uniform cyclic shear loading. Each of the above
procedures is discussed in the following paragraphs.

Prediction of Time History of Pore-Pressure Buildup

Several analytical methods of predicting the time history of pore-
pressure generation leading to assessment of liquefaction potential of
saturated sands have been proposed, by Martin et al. (1975), Seed et al.
(1975), Ishihara et al. (1976), Liou et al. (1976), Ishibashi et al.
(1977), and Ghaboussi and Dikmen (1978). Most recently, Sherif et al.
(;978) proposed a detailed analytical procedure for predicting the time
history of pore-pressure buildup in dense, medium dense and loose satura-
ted sands as expressed by Eq. 2. It is significant to note that Eq. 2 is
a general equation which applies to all kinds of loadings, including the
random earthquake type.

* * Ci(N,.) T ]a
(aUS) = (1 - Uy ) - €q'p NP 2-
T S %) )
N . 1%
N = -—1-2- -
(Negdp = .2, [TNJ (2-b)
* * Ci(N_ ) T o
(aUy). = (1 -U . egn__, [ Nn ] 2.
N)n ( N'l) ( )C2 - C3 a N-1 ( C)
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N . )%
(Neq)n = 3 n (2-d)
i=1 | "Nn
Ua = U;_l + %-[(AU;)p + (AU;)nJ (2-e)

where (AUN)p or (AUp)n are normalized pore-pressure increments per cycle
(pore-pressure rise divided by the initial confining pressure) in positive
or negative shear stress reg1ons under cyclic shear stresses Typ Or Typ
during the Nth cycle; and Uy-7.and UR are norma11zed pore pressures at the
end of the (N-1)th and Nth cyCles. The terms (N p and (Neg)p are equi-
valent numbers of cycles in positive and negat1ve reg1ons ?he term Op. 1
is the effective confining pressure at the end of the (N-1)th cycle; and
as Cy, C, and C3 are material constants which are functions of void ratio
or density, as shown in Fig. 4.

To apply Eqs. 2-a through 2-e in practice, an illustrative problem
is shown in Fig. 5, in which the top graph shows the time history of an
earthquake-induced shear stress at a given depth in a soil mass with a
void ratio e = 0.70. Corresponding to e = 0.70 in Fig. 4, the material
constants Cy, C,, C3 and a are determined to be 6.13, 1.77, 0.46 and 2.40
respectively. If the stress time history and material constants are known,
the values of the pore pressures at the end of each cyclic stress can be
calculated by following the procedure outlined in Fig. 6. Fig. 5(b) shows
a plot of the normalized pore- pressure rise as a function of time under
the above stress history. It is seen from this figure that at the end of
the third cycle the value of the normalized pore pressure UN is 0.465.

Fig. 7 shows a comparison between the actual pore-pressure buildup in
saturated Ottawa sand under random loading in the laboratory and that pre-
dicted by Eq. 2.

o If at any time during the time history of an earthquake the value of
Uy in Eq. 2-e approaches unity, the soil will liquefy under that given
earthquake loading. For examp]e, under the earthquake stress history
shown in Fig. 7, the 5011 in that area will not totally liquefy, since
the maximum value of UN during the time history of the earthquake is
0.55.

Liquefaction Assessment by Stress-Comparison Method

This method involves comparing the stresses causing liquefaction
during laboratory testing with the expected earthquake-induced shear
stresses (calculated by response analysis). The detailed analysis could
be carried out according to the procedure outlined in Fig. 8.

Step I

This step involves field investigation; soil sampling and determina-
tion of soil depth and stratification; and laboratory testing for the
determination of shear modulus G, damping ratio A, soil density y and
other relevant soil properties for use in site-response calculations in
Step III.
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Step 11

This step is normally carried out in conjunction with Step I, and it
involves the study of seismic history and the location of active fault
lines with respect to the site, for the purpose of establishing a design
bedrock acceleration history.

Step III

This step involves conducting laboratory liquefaction tests to deter-
mine the magnitudes of the shear stresses that cause Tiquefaction of the
soil in the laboratory as a function of the number of uniform shear stress
cycles.

Based on the liquefaction test results obtained, a liquefaction-
potential curve is established as a function of soil type and relative
density. One such series of curves is shown in Fig. 9. Engineers should
be cautioned as to the unreliability of the present relative-density
determination procedures, as cited by Finn (1972). In view of the fact
that 1iquefaction potential is highly sensitive to variations in relative
density, it is apparent that a serious need exists for the development of
a viable standard test procedure for relative-density determination that
would yield more consistent results than those now being used.

In presenting liquefaction-potential curves, such as those in Fig. 9,
Ishibashi and Sherif ?1974) recommend the use of Atmax/ooct on the vertical
axis because when the data are presented as such, the resulting liquefac-
tion-potential curves become independent of the coefficient of earth
pressures at rest, as shown in Fig. 10.

The uniqueness of the Atmay/0gct Parameter for determining liquefac-
tion potential of sand under isotropically and anisotropically consolidated
conditions can be used to establish a correlation between the simple or
torsional shear test data and the triaxial test data, as shown below.

Tvh T I (3-a)
%o 3 ZGVO
in simple shear in triaxial
1+ 2K g
-0 =c .9 -
C, 3 or Tvh = Cp > (3-b)

where tyh = cyclic shear stress on horizontal plane in simple shear or tor-
sional shear; oyo = initial effective vertical confining stress in triaxial,
simple and torsional shear tests; o4, = dynamic deviatoric stress in tri-
axial testing; Ky = coefficient of ?gteral earth pressure at rest; and Cp =
correlation factor.

In Fig. 11 the reporters have plotted the correlation factor in Eq. 3-b
against the coefficient of earth pressure at rest K, and obtained the solid
line. Fig. 11 also includes the correlation factors suggested by other
researchers. It is evident from this figure that the correlation factor
Chr=(1+ 2K0)/3 provides reasonable representation of the cumulative
research data to date; therefore, it is proposed that the above correlation
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factor be utilized for all practical purposes to translate simple-shear
data to triaxial and vice versa.

Step 1V

Complete site-response analysis could be performed by the lumped-mass
technique (Seed and Idriss, 1969), the wave-propagation method (Schnabel et
al., 1972), or the finite-element method (Idriss et al., 1973). Finn et
al. (1976) performed effective stress-response analysis utilizing the
Tumped-mass method and introducing the pore-pressure generation equation
developed by Martin et al. (1975). Using any of these response analyses,
the time history of shear stress can be calculated at any depth of soil
deposit. In all of these analyses, the equivalent dynamic shear modulus
Geq and soil damping ratio » had to be used in the calculations.

To translate the earthquake stresses determined by any of the above
methods into laboratory experiments, Seed and Idriss (1971) have proposed
that an equivalent uniform shear stress equaling 0.65 x tpmax be applied on
the soil during laboratory liquefaction study, where tpay 1S the maximum
shear stress induced in the soil during an earthquake. The above investi-
gators also proposed the following relationship between the magnitudes of
earthquakes and the corresponding numbers of significant cycles:

Earthquake Magnitude 7.0 7.5 8.0

Number of Significant
Stress Cycles 10.0 20.0 30.0

Based on analyses of many earthquakes, Lee and Chan (1972) suggested
the use of 0.75 x Tpmax and the following corresponding numbers of signifi-
cant stress cycles:

Earthquake Magnitude 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Number of Significant
Stress Cycles 5.0 6.0 7.5 9.5 12.0 15.5 20.0

A comparison between these two sets of data (Fig. 12) implies that
lTiquefaction will occur under slightly smaller earthquakes than suggested
by Seed and Idriss.

Even though the Lee and Chan proposal represents an advancement over
the procedure previously suggested by Seed and Idriss, further research in
this area is in order, especially in view of the fact that the pore pres-
sures generated in the soil deposit are very much influenced whether the
peak stresses are introduced into the ground at the beginning or at later
stages of an earthquake. Ishibashi et al. (1977) have shown that the pore
pressures generated in the soil deposit are higher if the peak stresses
are introduced near the beginning of an earthquake.

Step V

This step involves a comparison between the induced equivalent uni-
form earthquake shear stresses throughout the soil profile, as determined
in Step IV, and the uniform shear stresses causing liquefaction during
laboratory tests, established in Step III.
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By comparing shear stresses causing liquefaction in the laboratory
with the induced shear stresses in the soil deposit, a determination is
made regarding the Tiquefiability of a soil deposit in a particular site.

IT. SOIL BENSIFICATION

During seismic vibration, cohesionless soils densify and produce
settlement of the ground surface. Excessive settlement can cause severe
damage to structures of all kinds.

II.1. Settlement of Dry Sands

There is conflicting research information on the densification of dry
sands. Seed and Silver (1972) have assumed that the effects of vertical
vibration on densification are almost negligible until it exceeds 1.0g and
that the overburden pressure does not significantly affect soil settlement.
Later, in 1975, Pyke et al. conducted shaking-table experiments and found
that (1) the settlement caused by combined horizontal motions is almost the
same as the sum of the settlements caused by each component acting separ-
ately; and (2) while vertical acceleration of less than 1.0g induces no
appreciable settlement by itself, it causes marked increase in settlement
(about 50%) when superimposed on horizontal acceleration. This finding
suggests that actual field settlement could be three times as great as
would be predicted by the earlier Seed and Silver method.

Finn and Byrne (1976) studied the effects of relative density, sur-
charge loads, and maximum base acceleration on densification of dry sands
under earthquake-type random loading by using the equation of volumetric
strain increment for liquefaction study that was originally developed by
Martin et al. (1975). Their results showed that even very dense, dry sands
(D, = 80%) settle under cyclic loading and that the structures on top of
the sand increase the total ground settlement, thus implying that free
field settlement of sands provides a lTower bound to the settlement to be
expected under a structure during an earthquake.

In view of the practical importance of the subject matter, and because
of the conflicting points of view at the present time, there is a definite
need for research in this area.

11.2. Settlement of Saturated Sands

When saturated sands are subjected to cyclic shear loading in drained
conditions, they undergo densification. Youd (1972) showed from simple-
shear tests that the effect of initial moisture content on the final void
ratio reached is negligible during drained tests, and that the effects of
vertical stress and frequency on densification are almost insignificant.
In contrast, Krizek and Fernandez (1971) showed that the initial moisture
content significantly influences the maximum vibratory density attained.

Lee and Albaisa (1974) investigated settlement due to pore-pressure
dissipation following partial and complete liquefaction. In these studies,
pore pressures were generated in saturated undrained cyclic triaxial tests.
The tests were stopped after a certain number of cycles and the pore
pressures were allowed to dissipate. The investigators found that the
amount of volume change was dependent only on the magnitude of excess pore
pressure, irrespective of the type of cyclic loading. They also concluded
that the effects of confining pressure and relative density on volume
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change are small and that the effect of grain size is quite important. The
above investigators also found that the cyclic volumetric strains the soil
undergoes after it has been dynamically excited can be determined by static
tests, provided that the magnitude of the maximum pore pressure generated
during dynamic loading is known. The static tests involve applying on the
soil samples back-pressure equal in magnitude to those that may have been
induced by dynamic loading, and measuring the volume changes in the sample
after the drainage lines are opened.

Settlement of a model building on saturated sands during vibration was
investigated by Yoshimi and Tokimatsu (1977) on a shaking table. Yoshimi
et al. concluded that (1) the amount of settlement under a heavy structure
is more dependent on soil density than under a light structure; and (2)
artificial lateral confinement (by sheet piles, for example) of the soil
immediately beneath the building reduces building settlement due to
liquefaction.

Based on the above information, it appears that certain procedures and
methodologies are now available to assist engineers to a limited extent in
assessing densification characteristics of soil for microzonation purposes.
Further research in soil-structure interaction effects, the effect of
multi-directional shaking, and the influences of initial moisture content
on final settlement could provide highly useful information for practical
design and land-use planning purposes.

IIT. LOSS OF SOIL STRENGTH

Certain soils lose strength when subjected to repeated dynamic load-
ing. In some cases, the loss of strendgth is partial, and in others it is
total, such as during liquefaction of saturated sands. The quantitative
measure of partial Toss of strength is expressed by the cyclic strength
ratio, which is defined as the ratio of the undrained static shear
strength (after dynamic excitation) to the undrained static strength of
the soil (prior to dynamic loading).

Lee and Focht (1976) collected previously published data and presented
it as the cyclic stress ratio (applied cyclic stress Sp to undrained static
shear strength Sy) versus the number of cycles to failure ncf, as shown in
Fig. 13. This figure includes data from cyclic simple shear and cyclic
triaxial tests for both consolidated undrained (CU) and unconsolidated un-
drained (UU) tests obtained at frequencies ranging from 0.1 to 2Hz. It is
apparent from F1g 13 that the number of cycles necessary to fail these
soils under a given Sp/S, ratio is a function of soil type and that in all
cases it is possible to fail these soils under re]at1ve1y Tow dynamic
stresses if a sufficiently large number of cycles is applied. The fact
that each of the curves in Fig. 13 appears to flatten out and assume
nearly a constant ratio at higher n.f implies that for each soil there
exists a threshold dynamic stress level that does not cause failure,
regardless of the number of times the loads are applied on the sample.

In most practical cases the applied stress ratio Sp/Sy is not large
enough to cause total loss of strength within a short time span; and yet
the soil does undergo partial strength reduction as a consequence of
dynamic excitation. When this happens, natural and man-made clayey slopes
fail, with resulting adverse social and economic consequences. For this
reason, it is important that the amount of strength loss cohesive soils
exhibit as a result of dynamic loading be known.
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Based on the static and cyclic strain-controlled triaxial compression
test results on San Francisco Bay mud and Anchorage silty clay, Thiers and
Seed (1969) concluded that the application on any soil of a peak cyclic
strain of less than one-half of the static failure strain would result in
retention of 80% of the soil's original static shear strength, as shown in
Fig. 14. 1In the above study, the researchers applied cyclic strains for
200 cycles at lHz for each of the soils tested.

Castro and Christian (1976) interpreted Thiers and Seed's curve to
mean that 90% of the original shear strength would be recovered, so Tong
as the applied cyclic strain was less than one-half the static failure
strain. In fact, Castro et al. concluded from their study that the cyclic
strength is equal or very close to the static undrained strength for satur-
ated soils subjected to stress-controlled triaxial tests.

Lee and Focht (1976), based on limited studies on North Sea soils,
concluded that essentially no, or minimal, reduction in strength would oc-
cur if the applied dynamic strains were less than 50% of the static failure
strain. Two of the data points obtained by Lee and Focht are shown in
Fig. 14.

Koutsoftas (1978) studied the strength loss of two marine clays, one
normally consolidated and the other overconsolidated, in a stress-
controlled triaxial device. He concluded that as the imposed strain ratio
increases, the reduction in undrained shear strength also increases; and
yet, even at large strain ratios, the reduction in undrained shear strength
is relatively small (between 10% and 20%), as shown in Fig. 14, and not as
large as previously reported by Thiers and Seed.

The results obtained by Sherif et al. (1976B and 1977B) from tests
conducted on Northwest Pacific pelagic marine clays which came from an
area where the depth of water was about 22,000 feet, showed that these
soils lose strength even if the applied dynamic strain is as low as 10% of
the static failure strains (see Fig. 14). Furthermore, Sherif et al. have
found that the amount of strength loss was very much dependent on the num-
ber of strain cycles applied, as well as on the magnitudes of effective
confining pressures, as shown in Fig. 15.

It should be apparent from the above discussion that there is a con-
siderable amount of diversity in laboratory test data on the subject of
loss of soil strength due to dynamic loading. In view of the importance
of the subject for the design of safe structures in terrestrial and marine
environments, further research in this area is extremely desirable.

IV. DYNAMIC SHEAR MODULI AND DAMPING

The analytical procedures, such as the Tumped-mass, wave-propagation
and finite-element methods, used in the determination of ground response
during earthquakes, require a knowledge of dynamic shear moduli and damp-
ing. In this section the current knowledge on these two important soil
parameters is discussed.

When soil is subjected to high earthquake strain levels, it behaves
in a non-linear fashion. Fig. 16 shows a non-linear shear stress-strain
relationship for a soil under dynamic loading. To take this non-linear
behavior into consideration in practice, the soil behavior can be repre-
sented by an equivalent linear model, where the slope of the line AO in
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Fig. 16 represents the equivalent shear modulus Geq’ and the equivalent
damping ratio eq is defined as:

)‘eq " TR (4)

where A equals the shaded area within the closed loop, and AT is the area
of triangle O0AB in Fig. 16.

For brevity, Geq and Xaq Will be referred to hereafter as shear modu-
Tus G and damping ratio i. 8urrent1y, several procedures exist for the
determination of shear moduli and damping.

Fig. 17 shows the approximate strain ranges associated with each
method of determination. Since field procedures are described elsewhere
in the proceedings of this conference {(Murphy, 1978), the reporters will
focus their attention on laboratory determination of G and Ax. In general,
G and x» for sands and clays are determined by resonant-column tests for
low strain levels and by simple shear or torsional simple shear devices
for higher strains, such as those experienced during strong earthquakes.

IV.1. Dynamic Properties of Sands

Dynamic Shear Moduli for Sands

It is generally agreed by researchers that the dynamic shear moduli
of sands are most affected by (1) the shear strain amplitude; (2) confin-
ing pressure; and (3) soil density or void ratio. Based on other research-
ers' test cata, Seed and Idriss (1970) proposed an average shear modulus
curve as a function of the above three variables.

Hardin and Drnevich (1972A and B) proposed the following equations for
clean, dry sands:

G
D oomax |} g5 . o016 2Ky
Tmax exp max
where
_ (2.973 - )2 . =0.5
Gmax = 1230 T+ e g9 (6)
1
1+ K, _ 12 1ok )2

Trax 5 - T sinF 4 Ccosw} - |——7, (7)

where = coefficient of earth pressure at rest; ¥, C = effective angle of

internal friction and true cohesion; e = void ratio; 5, and 5, = effective
confining pressure and effective vertical pressure; Gmax = shear modulus at
strain levels nearly approaching zero strain; and tpax = Strength obtained
from static shear tests.
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Sherif and Ishibashi (1976) have found that the rate of decrease in
shear modulus becomes much Targer with increasing shear strains when the
imposed shear strains exceed 0.03%. Accordingly, they proposed the follow-
ing equations for shear modulus G in psi.

2.8$.(6_0)(11.67'Y + 0.5) . 40(0.205)(Y/0.03) 0 <y < 0.03% (8)

[y
1]

0.85 -0.6
) <y

6 = 2.8%(g, 0.03 < y < 1.0% (9)

where oo = effective confining pressure in psi; ¢ = angle of internal fric-
tion in degrees; and y = cyclic shear strain amplitude in percentage.

To simplify the determination of G, the above authors presented Egs.
8 and 9 in nomograph form, as shown in Fig. 18. Most recently, Iwasaki et
al. (1978) proposed the relationship shown in Eq. 10.

S aky) - ) (10)

Y=10-6

where G,=10-6 is the shear modulus at y = 10-8, p is the mean principal
stress, and K(y) and m(y)are functions of strain and are presented by
Iwasaki et al. by experimental curves. Iwasaki et al. also plotted other
researchers' data in the form of G/G =10-6 versus shear strain y, as shown
in Fig. 19. It is seen from this figure that, except for the Shibata and
Soelarno (1975) data, the differences among the rest are small.

To determine the value of G from Fig. 19 at a specific strain level,
the shear modulus at y = 10-% (which nearly equals Gmax) should first be
known. The Gpax values are given by Hardin in Eq. 6, by Sherif and
Ishibashi in Eq. 11, and by Iwasaki et al. in Eq. 12.

Gray = 1127 v 3. (Sherif and Ishibashi) (11)*
- e)2 ,— .
Gmax = 4385 13*%Z:-ggl (gc)o'40 (Iwasaki et al.) (12)

where Gmax and EE are in psi and ¢ is in degrees.

In Fig. 20, the reporters have plotted the Gmax values calculated by
Egs. 6, 11 and 12 for four types of sands (Ottawa, Del Monte, Golden
Gardens and Seward Park sands) in loose and dense states under effective
confining pressures of 10 and 40 psi. The material properties e and ¥ of
%hese)four sands were known from previous studies by Sherif and Ishibashi
1976).

It is seen from Fig. 20 that Gmax Varies randomly and is dependent on
soil type and density. Therefore, agéitiona1 research in this area is
suggested.

* This equation is obtained from Eq. 8 at y = O.
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Damping Ratic for Sands

Damping is a measure of energy dissipation in a system and is quanti-
tatively defined by Eq. 4 and Fig. 16. The factors that have the greatest
influence on damping ratio of sands are (1) cyclic strain amplitudes, (2)
confining pressures, (3) soil type (gradation and angularity), and (4) num-
ber of stress cycles. The effect of soil density or void ratio is so small
as to be almost neglibible (Silver and Seed, 1971; Sherif et al., 1977A).

Seed and Idriss (1970) reviewed the available data on damping ratios
of sands and presented an average curve with about +4 to 6% variations in
A, as a function of shear strain amplitude.

Hardin and Drnevich (1972A and B) proposed the following equations,
based on torsional shear and resonant-column test results on a dry uniform
quartz sand.

s
\ = Amax Y/ Ty
L+ /v,
Anax - 33 - 1.5 log NC r (13)
. = "max
" Shax )

where N. is the number of stress cycles and tpayx and Gpay are as defined
earlier,in Eqs. 6 and 7.

Sherif et al. (1977A) investigated the effects of soil type (grada-
tion and angularity) on damping ratio for four different types of sands
and proposed the following equation for damping A(%) as a function of
effective confining pressure g (psi), shear strain amplitude y(%) and
soil gradation and sphericity factor F:

50 - 0. 6_
38

0.3

€ (73.3F - 53.3)y (14)

The above researchers defined the new soil gradation and sphericity
factor F as:

1
F = —— (15)
2

where ¥ = S'/S represents soil sphericity, and Cq = D30/ Dyg X Dgg) is the
coefficient of gradation. The terms S' and S reger respectively, to the
surface area of a sphere of the same volume as the soil particle and the
actual surface area of the soil. Fig. 21 shows a plot of all the experi-
mental data points for the four sands tested by Sherif et al. during the
above investigation at dense and loose states, together with the curve,
based on Eqs. 14 and 15. It is apparent from this figure that a good
correlation exists between the experimental data and the relationship ex-
pressed by Egs. 14 and 15. The above investigators have also proposed a
nomograph, based on Eqs. 14 and 15, for easy determination of damping
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ratios, as shown in Fig. 22. Fig. 23 shows a comparison among experimental
data obtained by Sherif et al. and others. This figure suggests that soil
gradation and angularity strongly affect the damping values for sands.

IV.2. Dynamic So0il Properties of Cohesive Soils

Dynamic Shear Moduli for Clays

Because cohesive soils are more complex than sands, there is little
information covering these soils in general. Important factors affecting
dynamic shear moduli of clays are (1) shear strain amplitudes; (2} confin-
ing pressures; (3) void ratio; (4) degree of saturation; (5) number of
stress cycles; and (6) time effects. Factors 2, 3 and 4 may be combined
into one parameter, that being the strength of clay.

Seed and Idriss (1970) gathered available data and presented an aver-
age shear modulus curve for clays. They presented the curve as G/Sy versus
shear strain, where S, is the undrained shear strength of the clay. Kovacs
et al. (1971) presented a curve similar to the one proposed by Seed and
Idriss for a soft clay tested in a simple-shear device and shaking table,
and obtained lower values than Seed and Idriss.

Hardin and Drnevich (1972A and B) claim that their Eqs. 5, 6 and 7 ap-
ply for normally consolidated clays as well as sands. Anderson and Richart
(1976) presented G values for five different cohesive soils tested in a
high-amplitude resonant-column device and found data that could have been
predicted by Hardin and Drnevich's empirical equation, if tpyy were taken
equal to S.

Damping Ratio for Clays

Test data for damping ratios for saturated cohesive soils are Timited.
An average curve compiled by Seed and Idriss (1970) shows more scatter than
the one for sands.

Hardin and Drnevich (1972A and B) believe that their Eq. 13 also
applies for clays, provided that ip,, is defined in the following form:

0.5

Ay = 31 - (3+0.037)5 7 + 1.5¢2°% = 1.5 (10gN) (16)

ma
where f is frequency in cycles per second, gg is effective mean principal
stress in kg/cm? and N is the number of stress cycles.

[t is apparent from the foregoing that no general relationship for
the determination of shear moduli and damping for clays has yet been
found, principally because the effects of several complex factors, includ-
ing shear strength, plasticity index, water content, overconsolidation
ratio and secondary consolidation, are not fully understood. There is a
definite need for future research in this important area.

IV.3. Dynamic Properties of Other Types of Soils

There are very limited data available on dynamic shear moduli and
damping ratios of gravelly soils, peat, deep-ocean sediments, frozen soils
and others. Seed and Idriss (1970) reported some data for gravelly soil
and peats. Sherif et al. (1976A and B, 1977B) conducted dynamic tests on
very soft ocean-bottom clays and presented the data shown in Fig. 24.
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SOIL-STRUCTURE INTERACTION FOR BUILDINGS DURING EARTHQUAKES

by
A. S. Ve1etsosI

ABSTRACT

After a brief review of the principal effects of soil-structure
interaction on the response of structures subjected to ground
motions, a simple practical procedure is presented for evaluating
these effects. The procedure utilizes standard response spectra
for fixed-base systems. A brief account also is given of how the
concepts underlying this approach have been used recently in the
formulation of recommended seismic design provisions.

INTRODUCTION

The dynamic behavior of a structure during an earthquake depends on
the characteristics of the motion transmitted through the ground to the
base of the structure.

For structures supported on rock or extremely stiff soil, the base or
foundation motion is essentially the same as the free-field ground motion,
a term that refers to the motion which would take place at the foundation
level of the site under consideration if no structure were present. The
deformation of the supporting medium due to the motion of the structure
itself is negligible in this case in comparison with that due to the earth-
quake-induced stress waves, and the structure can correctly be analyzed by
considering the foundation motion to be the same as the free-field ground
motion.

For structures supported on soft soil, on the other hand, the founda-
tion motion may be influenced significantly by the motion of the superim-
posed structure, and the response can correctly be evaluated only by taking
proper account of the feedback or interaction effects between the vibrating
structure and the underlying soils. The foundation motion in this case may
include an important rocking component in addition to a lateral or trans-
lational component. The contribution of the rocking component may be par-
ticularly significant for tall structures.

~ Two factors are responsible for the difference in the responses of a
rigidly supported structure and an elastically supported identical struc-
ture. First, the elastically supported structure has more degrees of free-
dom than the rigidly supported structure and hence different dynamic char-
acteristics. Second, a substantial part of the vibrational energy of the
elastically supported structure may be dissipated into the supporting
medium by radiation of waves and by hysteretic action in the soil itself.
There is, of course, no counterpart of this effect of energy dissipation in
a rigidly supported structure.

I Brown & Root Professor of Engineering, .Department of Civil Engineering,
Rice University, Houston, Texas :
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The objectives of this paper are: (1) to identify the principal ef-
fects of soil-structure interaction on the response of building structures
to earthquakes; (2) to review a simple practical procedure for evaluating
these effects; (3) to present the more important elements of recently rec-
ommend code provisions for incorporating these effects in design; and
(4) to discuss the origin and rationale of these provisions.

The soil-structure interaction effects provided for herein represent
the difference in the responses of a structure computed by (1) assuming the
motion of its foundation to be the same as the free-field ground motion,
and (2) considering the modified or actual foundation motion, including the
effects of energy dissipation in the supporting medium. This difference
depends on the characteristics of the free-field ground motion, as well as
on the properties of the structure and the supporting soils.

The characteristics of the free-field motion for a given site depend
on a variety of factors, including the magnitude of the anticipated earth-
quake; the distance of the site from the earthquake source; the source
mechanism of the earthquake; the characteristics of the travel path, such
as the size, orientation and physical properties of the surface and subsur-
face strata through which the waves must travel to reach the site; and the
local geology and soil conditions of the site. It is important to note
that these factors are provided for in the specification of the design
free-field ground motion and need not be reconsidered explicitly in the
evaluation of the interaction effects.

Fundamental to the information presented in this paper is the assump-
tion that the structure and the underlying soil are bonded and remain so
throughout the period of ground shaking. It is further assumed that there
is no soil instability or large foundation settlement. The design of the
foundation in a manner to ensure satisfactory soil performance, e.g., avoid
soil settlement and instability associated with the compaction and 1lique-
faction of loose granular soils, is beyond the scope of this paper.
Finally, no account is taken of the interaction effects among neighboring
structures.

POSSIBLE APPROACHES TO PROBLEM

Two different approaches may be used to assess the effects of soil-
structure interaction (1,2). The first and more natural one involves modi-
fying the stipulated free-field design ground motion and evaluating the
response of the structure to the modified motion of the foundation. The
second approach involves modifying the dynamic properties of the structure
and evaluating the response of the modified structure to the prescribed
free-field ground motion. When properly implemented, both approaches lead
to equivalent results. However, the second approach, which involves the
use of the free-field ground motion, or of the associated response spectra
for fixed-base systems, is more convenient for design proposes, and will be
used exclusively in this presentation.

It will be shown that the interaction effects in the second approach
may be expressed by an increase in the fundamental natural period of vibra-
tion of the structure, and by a change (usually increase) in its effective
damping. The increase in period results from the flexibility of the foun-
dation soil, whereas the change in damping results mainly from the effects
of energy dissipation in the soil due to radiation and material damping.
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These concepts are clarified in the following sections by comparing the re-
sponses of rigidly supported and elastically supported simple systems to a
harmonic excitation of the base.

PRINCIPAL EFFECTS OF INTERACTION

Consider the linear structure of weight W, lateral stiffness k, and
coefficient of viscous damping c, shown in Fig. 1, and assume that it is
supported by a foundation of weight W, at the surface of a homogeneous,
elastic halfspace. The foundation mat is considered to be a rigid circular
plate of negligible thickness which is bonded to the supporting medium, and
the columns of the structure are presumed to be weightless and axially inex-
tensible. Both the foundation weight and the weight of the structure are
assumed to be uniformly distributed over circular areas of radius r. The
base excitation is specified by the free-field motion of the ground surface,
and it is taken as a horizontally directed, simple harmonic motion with a
period T, and an acceleration amplitude ay.

This system, which has three degrees of freedom when flexibly suppor-
ted and a single degree of freedom when fixed at the base, may be viewed
either as the direct model of a one-story building frame, or more generally,
as a model of a multistory, multimode structure that responds as a single-
degree-of-freedom system in its fixed base condition. In the latter case,
h must be interpreted as the distance from the base to the centroid of the
inertia forces associated with the fundamental mode of vibration of the
fixed-base structure; and W, k and ¢ must be interpreted, respectively, as
the generalized or effective weight, stiffness, and damping coefficient for
that mode. The evaluation of these quantities is considered in subsequent
sections.

The configuration of the system at any time is specified by the lat-
eral displacement and rotation of the foundation, x(t) and 6(t), and by the
deformation of the structure, u(t). The foundation displacement x(t) is,
of course, generally different from the free-field ground displacement, d(t).
For a fixed-base structure, x(t)=d(t) and o(t) =0.

The solid lines in Figs. 2 and 3 represent response spectra for the
steady-state amplitude of the total shear in the columns of the system con-
sidered in Fig. 1. Two values of h/r and several values of ¢, are consid-
ered. The latter parameter, which is a dimensionless measure of the rela-
tive flexibilities of the soil and the structure, is defined by the equa-
tion

_h
¢, = V;T (1)

in which h is the height of the structure, as previously indicated; v. is
the velocity of shear wave propagation in the halfspace; and T is the natu-
ral period of the structure in its fixed-base condition. A value of ¢5,=0
corresponds to a rigidly supported structure.

The results in Figs. 2 and 3 are displayed in a dimensionless form.
The abscissa represents the ratio of the period of the excitation, T,, to
the fixed-base natural period of the system, T; and the ordinate represents
the ratio of the amplitude of the actual base shear, V, to the amplitude of
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the base shear induced in an infinitely stiff, rigidly supported structure.
The latter quantity is given by the product ma,, in which m=W/g; g is the
acceleration of gravity; and a,; is the acceleration amplitude of the free-
field ground motion. The inclined scales on the left represent the defor-
mation amplitude of the superstructure, u, normalized with respect to the
displacement amplitude of the free-field ground motion,

% To
4y = = (2)

The damping of the structure in its fixed-base condition, 8, is considered
to be 2 percent of the critical value, and the additional parameters needed
to characterize completely these solutions are identified in Ref. 3, from
which these figures have been reproduced.

Comparison of the results presented in these figures reveals that the
effects of soil-structure interaction are most strikingly reflected in a
shift to the right of the peak of the response spectrum, and in a change in
the magnitude of the peak. These changes, which are particularly prominent
for the taller structures and the more flexible soils (larger values of ¢,),
can conveniently be expressed by an increase in the natural period of the
system over its fixed-base value and by a change in its damping factor.

Also shown in these figures in dotted lines are response spectra for
single-degree-of-freedom (SDF)'oscillators, the natural periods and dampings
of which have been adjusted so that the absolute maximum (resonant) value
of the base shear and the associated period are, in each case, identical to
the corresponding quantities of the actual interacting system. The base
motion for the replacement oscillators in these solutions in considered to
be the same as the free-field ground motion.

With the properties of the replacement oscillators determined in this
manner, it can be seen that the response spectra for the actual and the re-
placement systems are in excellent agreement over wide ranges of the excit-
ing period on both sides of a resonant peak.

In the context of Fourier analysis, a transient ground motion may be
viewed as a combination of harmonic motions of different periods and ampli-
tudes. Inasmuch as the components of the excitation with periods close to
the resonant period are likely to be the dominant contributors to the re-
sponse, the maximum responses of the actual system and of the replacement
oscillator can be expected to be in satisfactory agreement for earthquake
motions as well. This expectation has been confirmed by the results of
comprehensive numerical studies that have been carried out (1,2,3,4).

It follows that, to the degree of approximation involved in the com-
parison of the results summarized in Figs. 2 and 3, the effects of soil-
structure interaction on the maximum response of the structure may be ex-
pressed by

- an increase in the fundamental natural period of vibration of the
structure; and

- a change in its effective damping.

In the remainder of this papef, the fundamental natural period of the
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interacting system will be denoted by T, and the associated damping factor

will be denoted by B. These quantities, which will also be referred to as

the effective period and effective damping of the system, may be determined
as follows.

EFFECTIVE PERIOD AND DAMPING OF SYSTEM

The effective natural period T is given approximately by the equation

T=7T/1+11+ X (3)

in which T is the natural period of the fixed-base structure; K, is the
horizontal translational stiffness of the foundation, defined as the hori-
zontal force at the level of the foundation necessary to produce a unit de-
flection at that level; Kg is the rocking stiffness of the foundation, de-
fined as the moment necessary to produce a unit rotation of the foundation;
and k and h are as previously defined.

The stiffnesses K, and Kg depend on the geometry of the foundation-
soil contact area, the properties of the soil beneath the foundation, and
the characteristics of the foundation motion. For the circular foundation
considered in Fig. 1, the translational stiffness is given approximately by

Gr (4)

and the rocking stiffness is given by

=——8—
B 3(1-v)

where r is the radius of the foundation; G is the shear modulus of the soil;
and v is its Poisson's ratio. The shear modulus, G, is related to the shear
wave velocity, vg, by the eguation

K Gr3 (5)

2
V.Y

Although strictly valid for statically loaded foundations, Egs. 4 and 5 may
be used with good accuracy for dynamically excited foundations as well. The
approximation involved in the application of these equations to harmoni-
cally excited systems is discussed in Ref. 2.

The damping factor of the elastically supported structure, é, may be
expressed in the form

B=p + —b (7)
° (T3

where 8 represents the damping factor of the structure in its fixed-base
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condition, and 8, represents the contribution of the foundation damping.
Note that g and B, are not directly additive but must be combined in accor-
dance with Eq. 7.

Since T is greater than T, it follows from Eq. 7 that soil-structure
interaction reduces the effectiveness of the structural damping, and that
the resulting reduction may be quite important when T/T is large. In fact,
unless this reduction is offset by the increase due to the effect of foun-
dation damping, the overall damping of the interacting system will be less
than that of the fixed-base system.

The foundation damping factor, B,, incorporates the effects of energy
dissipation in the soil due to the fo]?owing factors: (1) radiation of
waves away from the foundation, known as radiation or geometric damping;
and (2) hysteretic or dissipative action in the soil itself, also known as
soil material damping.

For the system considered in Fig. 1, the three more important para-
meters that affect the value of B, are:

- the ratio of natural periods of the elastically supported and fixed-
base structures, T/T;

- the ratio h/r of the height of the structure to the radius of the
foundation; and

- the damping capacity of the soil itself, defined by the factor

AW

=1 s
tan & 27 W (8)

The quantity AW, in Eq. 8 represents the area of the hysteresis loop in the
stress-strain diagram for a soil specimen undergoing harmonic shearing de-
formation, and W; represents the strain energy stored in a linearly elas-
tic material that is subjected to the same maximum stress and strain (i.e.,
the area of the triangle in the stress-strain diagram between the origin
and the point of the maximum induced stress and strain). This ratio is a
function of the magnitude of the imposed peak strain, increasing with in-
creasing intensity of excitation or level of straining, and may be con-
sidered to be independent of the frequency of motion.

The variation of B, with T/T and h/r is shown in Fig. 4 for two values
of tanS. The dashed 1ines, which refer to systems supported on a purely
elastic medium, represent the effect of radiation damping only, whereas the
solid lines, which refer to a viscoelastic medium with tan&§=0.10, repre-
sent the combined effect of radiation damping and material damping. It can
be seen that the foundation damping may be a significant contributor to the
overall damping of the system, and that the component contributed by
material soil damping may be particularly significant for the taller struc-
tures, for which the contribution of radiation damping is generally quite
small.

The data in Fig. 4 are for systems of the type considered in Fig. 1
with Wo=0 and W=0.15mr2hy. The latter value represents a weight equal to
15 percent of the weight of the structure when filled with soil. Similar
results have been obtained for other weight ratios as well (1,2,3,4).
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ANALYSIS PROCEDURE

With the information presented in the preceding sections, the analysis
of the system shown in Fig. 1 may be implemented as follows:

1. Evaluate the fixed-base natural period of the structure, T.

2. By application of Eq. 3, evaluate the fundamental natural period of
the interacting system, T.

3. Estimate the structural damping factor, 3, and the soil damping
parameter, tan$, and by application of Eq. 7 and the data presented in
Fig. 4 and Ref. 2, determine the effective damping factor, B8, for the struc-
ture-foundation-soil system. The considerations involved in the choice of
the values of B and tan 8§ are discussed in subsequent sections.

4. From the basic response spectrum for fixed-base systems, evaluate
the lateral force coefficient, C, corresponding to the natural per1od T and
the damping factor 8. It may be recalled that this coefficient is equal to
the ratio of the spectral pseudo-acceleration and the gravitational accele-
ration,

5. With the value of C established, the maximum value of the base
shear for the interacting system, V, may be determined from the equation

V=CW (9)

6. The maximum deformation of the structure, up,, may then be deter-
mined from

(10)

and the maximum horizontal displacement of the mass of the structure rela-
tive to its base, Am, may be determined from

(1)

The setond term on the right side of Eq. 11 represents the contribution of
the rotation of the base.

ATC DESIGN PROVISIONS

The concepts outlined in the preceding sections have provided the
basis of the design provisions for soil-structure interaction formulated re-
cently by the Applied Technology Council (ATC). The results of a much
broader project that included the development of a comprehensive set of new
design recommendations for earthquake-resistant building design, these pro-
visions represent the first known attempt explicitly to incorporate the
effects of soil-structure interaction in design codes. Funded by the
National Science Foundation and the National Bureau of Standards, this pro-
ject involved the efforts of 85 participants. A brief account of this
effort is presented in Ref. 5, and the complete set of recommendations is
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available in Ref. 6.

In the following sections, the more important of the ATC provisions for
soil-structure interaction are presented, and their origin and rationale are
discussed. Special attention is given to the provisions governing the total
lateral seismic design force.

Two different methods have been recommended for the analysis of struc-
tures with or without regard for interaction. The first involves the use of
equivalent static lateral forces, and is in the spirit of the current design
provisions of the Seismology Committee of the Structural Engineers Associa-
tion of California (7). The second approach is a simplified version of the
modal superposition method. Only the equivalent static lateral force method
of analysis is considered in this paper.

Provisions for Rigidly Supported Structures

For buildings analyzed without regard for soil-structure interaction,
the earthquake-induced total static lateral force or base shear, V, is ex-
pressed in the form

V=CM | (12)

where W is the total weight of the building, including the dead weight and
the effective portion of the design live load; and Cg is a dimensionless co-
efficient that depends on the following parameters:

- The effective ground acceleration, A, which is an index of the se-
verity of the anticipated seismic activity in a given region. Its
value is taken in the range between 0.05g and 0.40g, and it is
specified in terms of contour maps making due provision for the
category and importance of the structure involved.

- The soil factor, S, which accounts for the type of local soil con-
ditions. Three soil categories are considered, including rock or
firm sites, deep aluvium sites, and soft soil sites.

- The response modification factor, R, which is a function of the
structural type and materials involved. This factor accounts for
the different ductility capabilities of different structural types,
materials and framing systems, and provides for the better perfor-
mance observed in actual earthquakes of some types of structures and
materials compared with others.

- The fundamental natural period of vibration of the building, T. This
quantity may be determined either from empirical equations included
in the recommended provisions or by application of fundamental prin-
ciples of structural dynamics. The variation of Cg with T is shown
in Fig. 5.

The damping of the structure does not appear explicitly in these provisions,
but a value of 5 percent of critical damping has been used in the develop-
ment of the basic design spectra.

It should be noted from Fig. 5 that Cg is considered to be a non-
increasing function of T. Furthermore, since Cg decreases with increasing
damping, an increase in the overall damping of the structure above the value
of 8=0.05 implied in the basic response spectrum will further reduce the
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design base shear, V.

In the provisions for interacting systems presented in subsequent sec-
tions, the minimum damping for flexibly supported structures is considered
to be the same as that for rigidly supported structures (i.e., 5 percent of
the critical value). The rationale for this decision is explained later.

As a consequence of this decision and the form of the response spectrum pre-
sented in Fig. 5, consideration of soil-structure interaction will deckease
the design values of the base shear, lateral forces and overturning moments
from the levels applicable to a rigid-base condition. Therefore, these
forces can be evaluated conservatively without the adjustments recommended
in the following sections.

Because of the influence of foundation rocking, however, the horizon-
tal displacements relative to the base of the elastically supported struc-
ture may be Larger than those of the corresponding fixed-base structure, and
this may increase both the required spacing between buildings and the secon-
dary design forces associated with the P-delta effects. Such increases are
generally small and have a minor influence on the final design.

Provisions for Flexibly Supported Structures

For structures analyzed with due regard for soil-structure interaction,
the total static lateral design force or base shear, V, is expressed in the
form

~

V=V-AV (13)

in which V is the base shear for the rigidly supported structure, deter-
mined in accordance with Eq. 12; and AV is the reduction due to soil-struc-
ture interaction. The reduction, AV, is defined by the equation

) 0.a] _
A= |Cc -¢C (°—~9§) W (14)
>\ 8

where

C_ = the seismic design coefficient determined from the basic response
spectrum (Fig. 5) using the fundamental natural period of the
fixed-base structure, T;

ES = the value of Cg corresponding to the fundamental natural period
of the flexibly supported structure, T;

B8 = the fraction of critical damping for the structure-foundation-
soil system; and

W = the effective weight of the building, which is taken as 70 per-

cent of the total weight, W, subject to the following exception.
When W is effectively concentrated at a single level, W is taken
equal to W.

The evaluation of the quantities T and B is considered in the next two sec-
tions, and the derivation of Eq. 14 is given in the Appendix.

Fundamental to the development of Eq. 14 is the assumption that soil-
structure interaction affects only the response component contributed by
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the fundamental mode of vibration. This has been demonstrated to be a good
approximation for typical building structures (1,2).

In Eq. 14 the difference between C; and Cg provides for the effect of
the increased period of the elastically supported structure compared to that
of the rigidly supported structure; the factor raised to the 0.4 power ac-
counts for the change in the effective damping of the elastically supported
structure from the value of 8=0.05 used in the development of the basic de-
sign spectrum; and the use of the effective instead of the total weight pro-
vides for the fact that soil-structure affects almost exclusively the re-
sponse component contributed by the fundamental mode of vibration.

Strictly speaking, the relationship between W and W depends on the de-
tailed characteristics of the structure. The constant value of W=0.7W is
used in the interest of simplicity and because it is a good approximation
for typical buildings. For example, for buildings with a constant weight
per floor level and a fundamental mode of vibration that increases linearly
with height, the exact value of W=0.75W.

The maximum permissible reduction in base shear due to the effects of
soil-structure interaction is set at 30 percent of the value calculated for
a rigid-base condition. It is expected, however, that this limit will con-
trol only infrequently, and that the calculated reduction will usually be
less.

Effective Building Period. The effective period, T, is determined
from Eq. 3, with k interpreted as the effective stiffness of the structure
when vibrating in its fixed-base fundamental mode, and h interpreted as the
height from the base to the centroid of the inertia forces associated with
motion in that particular mode. The latter quantities will be identified by
the symbols k and h, respectively.

The effective stiffness, k, is defined by the equation

k=4’ (15)
gT

and the effective height, h, is taken as 70 percent of the total height, ex-
cept when the weight of the structure is effectively concentrated at a single
level, in which case it is taken as_the height to that level. Strictly
speaking, the relationship between h and h depends on the characteristics of
the structure and the supporting soil. The constant value of h=0.7his used
in the interest of_simplicity and consistency with the approximation used in
the definition of W. For structures with the same total weight per floor
level and a fundamental mode of vibration that increases linearly with
height, the exact value of h=(2/3) h.

For mat foundations of arbitrary shape, the stiffnesses K, and Kq in
Eq. 3 may be computed from Eqs. 4 and 5 subject to the following modifica-
tions. The radius r in Eq. 4 must be interpreted as

A
r o= [-2 (16)

a m
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and in Eg. 5, it must be interpreted as

The quantity r, represents the radius of a disk which has the area of the
actual foundation, Agy; and rp represents the radius of a disk the static mo-
ment of which about a horizontal centroidal axis, I,, is equal to that of
the actual foundation in the direction in which the response is being evalu-
ated.

Equations 4 and 5 in combination with Eqs. 16 and 17 are strictly valid
only for mat foundations supported at or near the ground surface. They can
also be used for embedded foundations when there is no positive contact be-
tween the soil and the walls of the structure, or when any existing contact
cannot reasonably be expected to remain effective during the stipulated de-
sign ground motion. The effect of foundation embedment may be accounted for
by use of a corrective factor specified in the recommended provisions (6).
Also included in the recommendations are guidelines for evaluating the stiff-
nesses of footing foundations and pile foundations. It should be noted,
however, that there is only a small amount of information available concern-
ing the interaction effects for structures supported on such foundations (8,
9,10). The recommended provisions in these cases represent the Committee's
best interpretation of, and judgement relative to, the current state of
knowledge.

Soil Properties. The soil properties of interest are the shear modu-
lus, G, the associated shear wave velocity, vg, the unit weight, vy, and
Poisson's ratio, v.

These quantities are likely to vary from point to point of a construc-
tion site, and it is necessary to use average values for the region of the
soil significantly affected by the forces acting on the foundation. The
depth of significant influence is a function of the dimensions of the foun-
dation base and of the direction of the motion involved. It may be con-
sidered to extend to about 4 r5 below the foundation base for horizontal and
vertical motions, and to about 1.5r;, for rocking motion. For mat founda-
tions, the depth of significant influence is related to the total plan di-
mentions of the mat, whereas for buildings supported on widely spaced spread
footings, it is related to the dimensions of the individual footings. For
closely spaced footings, the depth of significant influence may be deter-
mined by superposition of the 'pressure bulbs' induced by the forces acting
on the individual footings.

Since the stress-strain relations for soils are nonlinear, the values
of G and v are functions of the severity of ground shaking and should be
determined so as to correspond to the dominant strain lTevels associated with
the design ground motion. The recommended values of G and vg are listed
below as a function of the effective ground acceleration, A:

Value of A, in g's < 0.10 0.15 0.20 > 0.30
Value of G/Gg 0.81 0.64 0.49 0.42
Value of v /vgq, 0.9 0.8 0.7 0.65
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The normalizing quantity vgo in this tabulation represents the average shear
wave velocity for the soils beneath the foundation at small amplitude strains
(of the order of 10-3 percent or less); and Go= vy vZ, represents the asso-
ciated shear modulus.

The values of vgo and Gy depend on a number of factors, of which the
more important are the void ratio of and the average confining pressure for
the soil. The confining pressure at a given depth depends, in turn, on the
weight of the overlying soil and the weight of the superimposed structure
and foundation. These values may be determined approximately from empirical
relations summarized in Ref. 6, or more accurately by means of field or
laboratory tests. Field eva1uat1ons may be carried out by standard refrac-
tion methods or the cross-hole method, whereas laboratory tests may be car-
ried out with resonant column devices (11).

It should be emphasized that the tabulated values of G/Gy and vg/veo
represent first-order approximations. More precise evaluations would re-
quire field tests or laboratory tests on undisturbed samples from the site,
and studies of wave propagation for the site to determine the magnitudes of
the soil strains associated with the stipulated design ground motion. How-
ever, such precision is seldom warranted in building design.

Effective Damping. The effective damping of the structure-foundation-
soil system is determined from Eq. 7, with the structural damping factor
taken as 3 = 0.05 and the minimum value of g taken as g = B = 0.05.

The foundation damping factor, Bo, is determined from Fig. 6. The
dashed lines in this figure, which are recommended for values of A equal to
or less than 0.10g, correspond to a soil material damping value of
tan § =0.5; and the solid lines, which are recommended for values of A equal
to or greater than 0.20g, correspond to a value of tand=0.15. These
curves are based on the results of extensive parametric studies (1,2,3,4)
and represent average values. For the ranges of parameters that are of in-
terest in the design of ordinary building structures, however, the disper-
sion of the results is small.

For mat foundations of arbitrary shape, the radius r in Fig. 6 should
be interpreted as a characteristic length that is related to the length,
Lo, of the foundation in the direction in which the structure is being ana-
lyzed. For short, squatty structures for which h/LO < 0.5, the overall
damping of the structure-foundation system is dominated by the translational
motion of the foundation, and r is interpreted as r, (see Eq. 16.) On the
other hand, for structures with h/Lg > 1, the interaction effects are domi-
nated by the rocking motion of the foundation, and r is 1nterpreted as Iy
(see Eq. 17). For intermediate values of h/Lo, the value of r is determined
by interpolation.

The curves in Fig. 6 may also be used for embedded mat foundations and
for foundations involving spread footings or piles. In the latter two
cases, the quantities Ay and Iy in the expressions for r should be inter-
preted as the area and moment inertia, respectively, of the fLoad carrying
foundation.

In the evaluation of the overall damping of the structure-foundation
system, no distinction has been made between surface-supported foundations
and embedded foundations. Since the effect of embedment is to increase the
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damping capacity of the foundation (12,13), and since such an increase is
associated with a reduction in the magnitude of the forces induced in the
structure, the application of the recommended provisions to embedded struc-
tures will err on the conservative side.

Equation 7, in combination with the information presented in Fig. 6,
may lead to damping factors for the structure-soil system, £, which are
smaller than the structural damping factor, B. However, since the represen-
tative value of B=0.05 used in the development of the design provisions for
rigidly supported structures is presumably based on the results of tests on
actual buildings, it reflects the damping of the entire structure-soil sys-
tem, not merely of the component contributed by the superstructure. There-
fore, the value of E determined from Eq. 7 should not be taken less than g,
and a low bound of 3 = 8 = 0.05 has been imposed. The use of values of
B > B is justified by the fact that the experimental values correspond to
extremely small-amplitude motions and do not reflect the effects of the
higher soil damping capacities associated with the large soil strains that
correspond to the design ground motions. The effects of the higher soil
damping capacities are appropriately reflected in the values of 3¢ presented
in Fig. 6.

For buildings supported on point bearing piles, and in all other cases
where the foundation soil consists of a soft stratum of reasonably uniform
properties underlain by a much stiffer, rock-like deposit with an abrupt in-
crease in stiffness, the radiation damping effects may be substantially less
than those for nearly uniform soil deposits, and it is necessary to reduce
the foundation damping factors determined from Fig. 6. For such cases,
special relations have been proposed in Ref. 6 for the computation of both
the foundation damping factor, 35, and the foundation stiffnesses, K, and K.

Distribution of Seismic Forces and Other Effects

The vertical distributions of the equivalent lateral forces for flexi-
bly and rigidly supported structures are generally different. However, the
differences are inconsequential for practical purposes, and it is recommen-
ded that the same distribution be used in both cases, changing only the mag-
nitude of the forces to correspond to the appropriate base shear. A greater
degree of refinement in this step would be incompatible with the approxima-
tions involved in the provisions for rigidly supported structures. The rel-
evant distribution is identified in Chapter 4 of Ref. 6.

With the vertical distribution of the lateral forces established, the
overturning moments and the torsional effects about a vertical axis are com-
puted as for rigidly supported structures. Finally, the lateral floor dis-
placements relative to the base are computed from a generalized version of
Eq. 11. For additional details, reference should be made to Ref. 6.

CONCLUDING REMARKS

It is hoped that the information presented in this paper has provided
improved insight into the major effects of soil-structure interaction on the
behavior of buildings during earthquakes and into the more important factors
that affect the interaction phenomenon.

The ATC provisions for incorporating these effects in design provide
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sufficient flexibility and accuracy for practical applications. Only for un-
usual structures of major importance, and only when the recommended provi-
sions indicate that the interaction effects are indeed of definite conse-
quence in design, would the use of more elaborate procedures be justified.

Following are some of the refinements that are possible, Tisted in
order of more or less increasing complexity:

1. Improve the estimates of the static stiffnesses of the foundation,
K« and Kg, and of the foundation damping factor, By, by considering in a
more nearly precise manner the foundation type involved, the effects of
foundation embedment, variations of soil properties with depth, and hyste-
retic action in the soil. The relevant solutions may be obtained by analy-
tical or semi-analytical formulations, or by application of finite diffe-
rence or finite element techniques (9,10,14,15).

2. Improve the estimates of the average properties of the foundation
soils for the stipulated design ground motion. This would require both labo-
ratory tests on undisturbed samples from the site and studies of wave propa-
gation for the site. The laboratory tests are needed to establish the ac-
tual variations with shearing strain amplitude of the shear modulus and
damping capacity of the soil, whereas the wave propagation studies are
needed to establish realistic values for the predominant soil strains in-
duced by the design ground motion.

3. Incorporate the effects of interaction for the higher modes of vi-
bration of the structure, either approximately by application of the pro-
cedures recommended in Refs. 16, 17 and 18, or by more precise analyses of .
the structure-soil system. The latter analyses may be implemented either in
the frequency domain by use of Fourier transform techniques (1,2,19), or di-
rectly in the time domain (1) by application of the impulse response func-
tions presented in Ref. 20. However, the frequency domain analysis is limi-
ted to systems that respond within the elastic range, whereas the approach
involving the use of the impulse response functions is Timited at present to
soil deposits that can adequately be represented as a uniform elastic half-
space. The effects of yielding in the structure and/or supporting medium
can be considered only approximately in this approach, by representing the
supporting medium by a series of springs and dashpots whose properties are
independent of the frequency of the motion, and by integrating numerically
the governing equations of motion (21).

4. Analyze the structure-soil system by the finite element method (22,
23,24), taking due account of the nonlinear effects in both the structure
and the supporting medium.

It should be emphasized that, while they may be appropriate in special
cases for design verification, the more elaborate methods referred to above
involve their own approximations, and do not eliminate the uncertainties
that are inherent in the modeling of the structure-foundation-soil system,
and in the specification of the design ground motion and the properties of
the structure and soil.

At a time when the trend in analysis seems to be toward the use of ever
more complex structural models and sophisticated methods, it is worth em-
phasizing that increased complexity and sophistication in analysis does not
necessarily ensure improved design. Because of the numerous factors that
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influence the dynamic response of structural systems and because of the sen-
sitivity of the response to variations in many of these factors, it is gene-
rally quite difficult, if not impossible, intelligently to interpret the re-
sults of a limited number of highly complex analyses. Because of limita-
tions of funds and time, such solutions are often limited to a small set of
conditions, and design decisions are reached without adequate assessment of
the effects upon the final design of the numerous uncertainties embodied in
the analyses. The problem is aggravated by the fact that the computer pro-
grams used to implement these analyses are often used with inadequate appre-
ciation of the assumptions and approximations embodied in the idealization
of the problem and the method of analysis itself. The end product under
such conditions may be no better than, and may in fact be inferior to, what
could be achieved at far lower cost by simpler approaches with which the ef-
fects of variations in the more important factors can be evaluated readily.

The design provisions for soil-structure interaction summarized in this
paper are believed to be as simple, rational and potentially useful as they
can be made at the present stage of knowledge. Furthermore, they are capa-
ble of refinement in 1ight of new information without the need for revising
the basic approach. There is, to be sure, need for additional basic re-
search in this area. The sections of the provisions that stand to benefit
most from further research are those relating to buildings supported on
piles or spread footings.
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APPENDIX
DERIVATION OF EQUATION 14

Upon adding and substracting the temm C¢(T,B) W, Eq. 12 may be written
in the form:

V= C(T,8)W + C(T,8)[W-W] (A-1)

where W represents the generalized or effective weight of the structure
when vibrating in its fundamental natural mode, and the terms in parenthe-
ses are used to emphasize the fact that Cs depends upon both T and R. The
first term on the right side of this equation approximates the contribution
of the fundamental mode of vibration, whereas the second term approximates
the contributions of the higher natural modes.

Inasmuch as soil-structure interaction may be considered to affect only
the contribution of the fundamental mode, and inasmuch as this effect can be
expressed by changes in the fundamental natural period and the associated
damping of the system, the base shear for the interacting system, V, may be
stated in a form analogous to Eq. A-1 as follows:

V=C (T,B)W + C.(T.8) [W - W] (A-2)

S

The value of Cg in the first term on the right should be determined for the
natural period and damping of the elastically supported system, T and B;
and the value of Cg in the second term should be determined for the corres-
ponding quantities of the rigidly supported system, T and B.
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Next, rewrite Eq. A-2 in the same form as Eq. 13. On making use of
Eq. 12 and rearranging terms, one obtains the following expression for the
reduction in the base shear,

o= (T,8) - cs(T,é) ] W (A-3)

Within the ranges of natural period and damping that are of interest in
studies of building response, the values of Cg corresponding to two dif-
ferent damping values but the same natural period, say T, are related ap-
proximately as follows:

0.4
¢ (T,8) = C¢_(T,R) (?) (A-4)

S E) B

This expression, which appears to have been first proposed in Ref. 25, is
in good agreement with the results of recent studies of earthquake response
spectra for systems having different damping values (26).

Substitution of Eq. A-4 in Eq. A-3 leads to

} .47 _
S S B

where both values of Cg are now for the damping factor of the rigidly sup-
ported system, and may be evaluated from the standard response spectrum.
If the values corresponding to the periods T and T are denoted more simply
as C¢ and Cg, respectively, and if the damping factor g is taken as 0.05,
Eq. A-5 reduces to Eq. 14.
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Fig. 1 Simple System Investigated
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GEOLOGIC CONSIDERATIONS FOR SEISMIC MICROZONATION

By

LLoYD S. cLUFF(D)

INTRODUCTION

Seismic microzonation is herein defined as the subdivision of a
region into areas or zones that have relatively similar exposure to
various earthquake-associated effects (such as surface fault rupture,
ground shaking, ground failure, and water inundation). The aim of
microzonation is to estimate the location, recurrence interval, and
relative severity of future seismic events in an area so the potential
hazards can be assessed and the effects can be mitigated or avoided.

Seismic microzonation studies are most definitive and wuseful when
conducted as integrated multidisciplinary efforts combining data and
judgments from geology, seismology, geophysics, engineering, and
planning (1). The objective of this paper is to discuss the contributions
of geologic data and judgments to interdisciplinary microzonation studies,
to recognize some of the problems that have developed in attempting to
assess and classify seismic hazards, and to suggest alternatives for
consideration to advance the science of microzonation to come to more
realistic assessments of seismic hazards.

GEOLOGIC ASPECTS OF MICROZONATION

The geologic discipline has recently made several major contributions
to seismic microzonation studies. Geologic studies contribute data for
the identification and delineation of earthquake sources, assessment of
earthquake size, estimation of earthquake recurrence intervals, and
evaluations of the potential for surface fault rupture, the ground shaking
hazard, and the ground failure hazard. Following is a discussion of the
state of the geologic practice in these areas.,

Identification and Delineation of Earthquake - Sources

Geologic and seismologic researchers are generally agreed that
earthquakes are caused by displacements along faults within the shallow
part of the earth’s crust. These faults have appropriately been referred
to as '"causative faults'. Even where earthquakes are associated with
volcanic activity, those earthquakes represent fault displacements
associated with volcanic processes. The sources and locations of future
earthquakes, therefore, will be along faults, and will be most likely to
occur along faults having a history of repeated fault displacements in the
relatively recent geologic past (several million years).

(I) Vice President and Chief Geologist
Woodward-Clyde Consultants
Three Embarcadero Center, Suite 700
San Francisco, California 94111
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Displacement along causative faults may or may not reach the ground
surface during a particular earthquake depending upon size, depth, and
extent of the rupture surface. Large, shallow-focus earthquakes are
nearly always associated with surface fault rupture along the causative
fault zone. Magnitude 5-1/2 to 6 appears to be the threshold value of
earthquakes associated with surface fault rupture, although surface
faulting has been associated with earthquakes as small as
magnitude 3.6 (2). Repeated surface fault rupture along fault zones
produces recognizable geomorphic features that are more or less distinct,
depending upon the relationship between the frequency of surface faulting
and other geologic processes such as erosion and deposition. Zones of
characteristic geomorphic features are especially common along faults
associated with major plate boundaries, where repeated surface faulting
occurs. These diagnostic features have been described in detail by Cluff
and Brogan (3) and Slemmons (4) and recognition of them has proved to be
the most fundamental tool 1in identifying and delineating potential
earthquake sources.

Within large plates, such as the ©WNorth American plate, some
relatively infrequent but damaging intraplate earthquakes have not yet
been satisfactorily identified with causative faults. The geologic
evidence of these faults 1is sometimes extremely subtle, and past
investigations have generally not been designed to detect such subtle
features., Recently, however, detailed studies in the New Madrid region
have begun to reveal evidence for the causative faults associated with the
1811 and 1812 earthquakes in that region (5, 6). Thus, given
appropriately designed detailed studies, it 1s being shown that geologic
investigations can provide much more reliable data on locations of future
najor earthquakes.

Assessment of Earthquake Size

The size of future large earthquakes can be estimated by analysis of
the geometry, amount, and exteat of fault displacement. Techniques for
this analysis have been most recently summarized by Slemmons (4). Such
geologic studies have been applied to microzonation efforts in several
locations along or near major plate boundary causative fault zones, such
as in the San Francisco Bay Area (7), and in New Zealand (8).

In intraplate regions, more work is needed to develop causative fault
data to the point where it can be reliably utilized as effectively as
along faults associated with plate boundaries. In the central United
States, joint efforts by the U.S. Geological Survey and other cooperating
groups are producing encouraging results (5).

Because of the difficulty of recognizing and delineating active
faults in the eastern United States, it is the practice to use the
"tectonic province" approach in estimating the size of potential
earthquakes, rather than to assign earthquakes to specific faults. Using
the tectonic province approach, the size of the largest earthquake that
has occurred anywhere within an area, or 'tectonic province," is
conservatively increased in magnitude and then assumed to be capable of
occurring anywhere in the entire province (9). This approach results in
controversies over the bases for delineating the boundaries of the
tectonic provinces, and these boundaries often have been defined on the
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basis of ancient geologic structures that may not have any relevance to
present earthquake-producing mechanisms. The tectonic province approach
has undoubtedly resulted 1in costly overconservatism in the earthquake
design of many engineering structures, as well as the risk that some
facilities may be located directly across active faults, faults that
remain to be identified at a later time, either as the result of the
application of more definitive geologic and geophysical techniques, or as
the result of a surprise earthquake. In the future, the procedures and
techniques presently utilized in the western United States should be
applied to studies in the eastern United States I ; that 1is, procedures
that are based on identifying individual geologic structures responsible
for causing earthquakes. Considering the low degree of activity in most
parts of the eastern United States, there is a need for significantly
greater geologic and geophysical efforts than have been required in the
western United States. These new efforts in the east may also require the
development of new and innovative techniques in order to detect small
fault displacements and to date the most recent geologic history of fault
behavior.

Estimation of Earthquake Recurrence Intervals

The estimation of earthquake recurrence intervals frequently has
primarily relied on the temporal pattern of past earthquakes, as evidenced
by the historical earthquake record; however, one of the most widespread
and significant problems confronted during seismic microzonation studies
is the relatively short earthquake record. Even where this record is ome
thousand or more years (such as in China, Japan, and Italy), the irregular
pattern of earthquake occurrence indicates that this interval is too short
to record long-term periodicity that may be operating (10, 11). However,
through the understanding and application of the Quaternary geologic
record, the available earthquake record can be significantly lengthened
(to one million or more years).

An increasing number of studies during the past decade have utilized
the Quaternary geologic record to detect Quaternary fault displacements
and to estimate recurrence intervals at particular locations along
causative faults. Allen (10, 12) has summarized the results of such
studies in California, Turkey, Japan, the Philippines, and China, and has
succinctly described the value of the Quaternary geologic record in
overcoming ''many of the statistical inadequacies of the relatively short
instrumental and historical records." York and others (13) utilized
LANDSAT-1 imagery of China in an analysis of Quatermary faulting and
earthquakes. In New Zealand, Quaternary faulting and seismicity have been
studied for several decades (14, 15) and have formed the basis for more
recent microzonation efforts (8). Ambraseys (16, 17) has utilized
archeological data in the Middle East together with Quaternary geology in
documenting the irregular time distribution of earthquakes in that area.

Studies of Quatermary geology are particularly helpful in areas
having very short earthquake histories, such as California. In a recent
California study by Sieh (18), one segment of the San Andreas fault has

(1) For the purpose of this paper, the boundary between the western and
eastern U.S. is the eastern front of the Rocky Mountains (Denver).



138

geologic evidence of eight prehistoric earthquakes similar to an 1857
event (magnitude 8+). These have occurred since 575 + 45 years A.D., and
have an average recurrence interval of 160 years.

To estimate the frequency of fault displacements, it is necessary to
know the age of the faulted rock, the age of the younger deposits and
soils that cover the faulted rock, and the age of the material along the
fault plane or filling the fault zone (often gouge or mineral deposits).
Therefore, there is an increasing demand for accurate absolute dates of
geologic deposits. The absolute dating of geologic materials can be
difficult because of a lack of suitable geologic materials or because the
age of the available materials 1is not within the age range of the
available techniques. Moreover, erroneous or misleading age dates can be
derived due to sample contamination or alteration, or because secondary
geologic processes have affected the datable component of the sample.
Geologic dating problems require an interpretation of _a wide variety of
information from many disciplines, and an understanding of the geologic
processes involved to select the technique or combination of techniques
that will be most effective in assessing the age of the materials. Packer
and others (19) have prepared an overview of age dating techniques
available to the geologist in solving geologic dating problems.
Quaternary geology and dating of geologic materials are key research areas
for the future to increase the ability to accurately estimate earthquake
recurrence intervals.

Evaluation of the Potential for Surface Fault Rupture

Geologic information is critical to the identification and evaluation
of the potential for surface fault rupture. Ground deformation associated
with surface fault rupture is often complex, involving both discrete
displacements across narrow fault traces and warping across a wide zone.
The zone of deformation will vary from a meter or two to a hundred meters
or more in width, depending upon the following variable factors: (1) type
and style of faulting, (2) attitude of the fault plane, (3) amount of
displacement, (4) direction of displacement, and (5) surficial geology (1,
20).

Numerous studies have been made of surface fault rupture patterns
produced during historical earthquakes. Bonilla and Buchannan (21) have
summarized such data and originated nomenclature for various parts of the
observed patterns that are applicable to most cases of surface faulting.
Oborn (22) provides a thorough summary of previous evaluations of surface
fault rupture as applied to engineering geologic situations. Wesson and
others (7) applied these data, together with data on fault creep, to a
regional microzonation study in the five-county San Francisco Bay Area.
Rogers and Williams (23) applied similar data to microzonation of one
county in the San Francisco Bay Area. At the site-specific level, Cluff
and others (1) considered the complexities of surface fault rupture
deformation, and identified ten separate zones of significantly distinct
deformation types. Taylor and Cluff (20) have recently assessed the
importance of surface fault rupture and associated tectonic deformation to
the problems of lifeline earthquake engineering.

The Managua, Nicaragua earthquake of 1972 provided an excellent
example of the effects of surface fault rupture through a major urban area
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along several separate faults (24, 25). Detailed geologic studies of the
deformation associated with fault displacement and the geologic conditions
in the wvicinity of Managua were made and translated into microzonation
products (26, 27). One interesting observation during this investigation
was the Banco Central de Nicaragua, a large, modern structure situated
astride one of the faults that experienced a few centimeters of surface
fault rupture. The bank survived without significant damage due to fault
displacement (28). The massive structure, designed to house the National
Treasury, was sufficiently strong to resist the surface faulting that
occurred, and caused the fault displacement to deflect around the
building. This illustrates that if structures must be sited within active
fault zones, it is possible to design them to resist or deflect ground
deformation to the extent that they retain their usefulness provided
detailed information is known regarding the exact fault locations, the
type and style of displacement, the amount and direction of displacement,
fault geometry, and surficial geologic conditions.

Evaluation of the Ground Shaking Hazard

The geologic data important to the evaluation of the shaking hazard
are the understanding of the regional geologic conditions, and especially
an understanding of the location and distribution of bedrock, and the
location, distribution, relative thickness, and geometry of surficial
materials. These data, when combined with geophysical data such as shear
wave velocity profiles at specific locations, can be used to enhance the
interpretation of site-specific ground wotion data (strong motion
records). Examples of microzonation studies utilizing this approach are
Borchardt (29) and McCrory (30) for the San Francisco and Monterey areas
of California, and Grant-Taylor (8) for the Wellington, New Zealand area.
Both studies also wutilize the observed modified Mercalli 1intensity
distribution from previous mwajor earthquakes to calibrate observed
geologic and other conditions, and to produce microzone maps showing areas
of anticipated future maximum intensity.

Evaluations of the ground shaking hazard are currently hampered by
the paucity of strong motion records of damaging earthquakes, the lack of
understanding of the seismicity of large areas, and the need to better
understand the phenomena and processes responsible for damaging ground
motion (31). Future studies and research, 1including the development of
dynamic rupture models and the collection of instrumental data on damaging
ground motions close to causative faults and correlating these motions
with actual damage to buildings will do much to increase the understanding
of the ground shaking hazard for microzonation.

Evaluation of Ground Failure Hazard

Secondary ground failures that can occur in surface deposits during
strong ground shaking include seismically induced landslides,
liquefaction, and subsidence. Geologic investigations can provide data on
the location and extent of cohesionless soils, lithology and physical
properties of surface deposits, depth to groundwater, and locations of
historical landslides. These data can be used to assess future landslide
susceptibility, liquefaction potential, and potential for compaction and
settlement for microzonation of the ground failure hazard. When
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identified at a particular site, these hazards can be mitigated by
correcting the coandition by removal of the incompetent deposits, or by
special design of the foundation of the structure. Examples of maps of
existing landslides and maps depicting landslide potential that were
produced specifically for seismic hazard evaluation and microzonation
studies in the San Francisco Bay Area are Brabb and Pampeyan (32), Brabb
and others, (33), Nilsen and Brabb (34), and Rogers and Williams (23).
Regarding liquefaction, lithologic data and hydrologic setting have been
utilized by Youd and others (35), Youd (36), and Borchardt (29) in
describing ground failures associated with earthquakes and in coumstructing
maps of areas of 1liquefaction potential. In New Zealand, similar
considerations have been made in a microzonation study of Wellington (8).

Sometimes, the current lack of understanding of the mechanics of
ground failure processes such as liquefaction precludes mitigating the

hazard. In these cases, through adequate geologic studies, these
earthquake-related problems can be identified and addressed by complete
avoidance rather than mitigation. Lee and others (31) summarized the

basic studies of soils subject to 1liquefaction and collapse and the
development of new empirical techniques that will be needed before the
loss of strength of various soils under earthquake effects can be assessed
more definitively.

CURRENT PROBLEMS IN ASSESSING AND CLASSIFYING SEISMIC HAZARDS

Microzonation Studies That Are Not Interdisciplinary

In an interdisciplinary microzonation study, various geoscience and
engineering disciplines consider different aspects of the seismic hazard.
To optimize the results of an integrated study, all disciplines should be
represented in, or be aware of, all the aspects of the study. Disciplines
most active early in the study should maintain sufficient presence
throughout the study to 1) explain their assumptions, judgments, and
levels of confidence and conservatism; 2) prevent inadvertent misuse of
interpretations and results; and 3) observe the full implications and
effects of thelr judgments. Disciplines most active later in the study
should maintain sufficient presence throughout the study to: 1) foresee
the 1implications of early judgments and data; 2) communicate these
implications to the disciplines involved; and 3) maximize the efficiency
of their own studies through more complete understanding of previous
results. During this process, mutual understanding can be enhanced and
overall problems can be addressed.

Numerous studies have been conducted to depict zones of relative
seismic hazard that have utilized only one or two of the geoscience or
seismologic disciplines. Because of the limited data base, these studies
are less credible in describing the type and distribution of various
seismic effects that may constitute hazards, and may result in misleading
conclusions concerning potential hazards, which may in turn lead to
inappropriate or inconsistent assumptions of risk. The following examples
will serve to illustrate this.,

In the case of the Romanian earthquake of March 4, 1977, a detailed
microzonation study had previously been prepared for the Bucharest area
based primarily on geophysical modeling techniques. Apparently, no
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consideration was made of a previous major earthquake (1941) that produced
damage in the Bucharest area, or regional geologic or seismologic data.
After study of the damage pattern produced by the 1977 earthquake, it was
apparent that the detailed microzones previously delineated bore little
resemblance to the 1977 intensity distribution. However, a reconstruction
of the 1941 intemsity distribution was remarkably similar to that of 1977.
Based on the available data, the 1941 and 1977 earthquakes were very
similar in location, size, and apparent source characteristics. Thus, in
this case, the pre-1977 Bucharest microzonation study proved inadequate to
describe relative seismic hazards due to lack of an integrated approach
that considered regional geologic, seismologic, geophysical, and
historical data.

Other examples of non-integrated studies are those utilizing the
historical earthquake record as the primary data source. These are often
called "seismic risk" studies, a term which implies much more analysis
than the studies wusually contain. Most of these studies involve
sophisticated statistical treatment of data from historical earthquake
catalogs. By not considering regional and local geologic conditions, such
studies overlook data that may contradict or invalidate the apparent
results of the primarily statistical analysis. Often, the type of
geologic data needed does not exist in available published form, and must
be obtained by original field studies. An 1llustration of this point is
the Makran Coast in southeastern Iran and southwestern Pakistan. A study
based primarily on the historical seismic record led to the conclusion
that the Makran Coast area 1in southeastern Iran represents the least
seismic hazard of any area in Iran due to the paucity of recorded
historical earthquakes (37). Data from a recent geologic study of the
Quaternary geology along the Makran Coast (38) lead to precisely the
opposite conclusion. The Quaternary geologic data extend the relatively
short historical record along the Makran Coast and clearly indicate that
major earthquakes have occurred there many times during the recent
geologic past and the potential for the largest earthquakes in Iran exists
in that region.

Deterministic Classification of Fault Activity

Geologists experienced in assessing fault activity in seismic regions
throughout the world have wusually recognized there is a significant
difference in the degree of activity between faults. This difference is
dependent upon the relationship of a fault to a particular tectonic stress
environment. However, because of the lack of uniform knowledge about the
location and extent of potential earthquake sources, combined with the
need of various regulatory agencies in the United States to assess the
safety of critical facilities, faults have been classified as either
"active" or "inactive", often depending on the judged degree of hazard
based upon the recency of fault displacement. One of the first fault
activity <classification systems was developed by the New Zealand
Geological Survey (39). This system is based on evidence for late
Quaternary faulting and formed the basis for the first fault activity
classification for nuclear power plants 1in the United States (40).
Present siting criteria for nuclear power reactors developed by the U.S.
Nuclear Regulatory Commission (9) and criteria for fault classification
for the safety of dams developed by the U.S. Bureau of Reclamation and the
U.S. Army Corps of Engineers have used the terms "active" and "inactive"
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and '"'capable" and '"noncapable'; these terms have taken on somewhat rigid
legal definitions. All these definitions are based on certain time
intervals since the most recent displacement to define fault activity or
capability. Fach agency’s criteria for fault activity is summarized as
follows:

U.S. Nuclear Regulatory Commission: evidence for
multiple fault displacements in 500,000 vyears,
single fault displacement in 35,000 years;

U.S. Bureau of Reclamation: evidence for fault
displacement in 100,000 years;

U.S. Army Corps of Engineers: evidence of fault
displacement in 35,000 years;

State of California: evidence of fault displacement
in 11,000 years.

This deterministic '"active fault concept” for assessing fault
activity resulted mostly from a fundamental lack of confidence regarding
the understanding of earthquake mechanics and the behavior of faults, and
the inability to confidently identify and delineate the sources of
potential earthquake activity uniformly across the United States. The
problem in using the active fault concept is that rigid definitions do not
allow the degree of fault activity to be appropriately takem into
consideration and, under these presently developed criteria, once a fault
is classified as active according to any of these defintions, it appears
to be equally as hazardous as any other active fault. This is clearly not
a correct assessment of the potential for slip on a fault as it exists in
nature.

A problem that will become increasingly important with time is the
discovery of new active or capable faults in regions where none were
previously thought to exist. As an example, past general procedures for
selecting the sites for dams and other critical facilities have not always
adequately evaluated fault activity-and earthquake hazards. Too often,
the site evaluation focused on the historical earthquake record and gave
little attention to geologic evidence for fault activity and associated
earthquake hazards. Thus 1in the absence of pertinent information,
conclusions regarding earthquake hazards often relied on published
geologic literature that was not prepared for the purpose of earthquake
hazard assessment. The discovery of active faults in regions where none
were previously thought to exist 1is becoming commonplace as greater
emphasis is placed on comprehensive regional tectonic evaluation of fault
activity. A specific case is the proposed Auburn Dam, which was located
in a region not previously known to have active faults. It was not until
the Oroville earthquake of August 1, 1975 that geologists and
seismologists found conclusive evidence for geologically young faulting in
the western Sierran foothills of Califormnia. If active faults exist
there, why did we not know about them prior to the occurrence of a
destructive earthquake? The answer to this question 1is the same as in
many other similar cases; adequate geologic and seismologic studies had
not been aimed at looking for fault activity. Now that circumstances have
developed to focus scientific attention on a region previously thought to
be relatively aseismic, and appropriate techniques especially developed to
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evaluate fault activity have been systematically applied to the region,
several active faults have been found in the western Sierran foothills of
California.

The implication of newly discovered active faults is beginning to be
realized with the release of a map by the U.S. Geological Survey entitled
"Preliminary Map of Young Faults in the United States as a Guide to
Possible Fault Activity" (41). Most of the hundreds of faults shown on
this map are generally known to experienced geologists, however they are a
real surprise to most engineers and public officials involved in the
regulatory process regarding earthquake safety of critical facilities.
While some of the faults shown on the map will be classified as inactive
or noncapable wutilizing the present deterministic criteria for fault
activity, many of the faults shown on the map will undoubtedly be
classified as active or capable, This preliminary map 1is only the
beginning from the standpoint of the implications for existing and future
critical facilities. Research on the evaluation of fault activity will
continue to discover active faults were none were thought to exist and
some of the mnewly discovered active faults will be near or beneath
existing or planned critical facilities such as nuclear reactors, dams,
and LNG plants.

Probabilistic Calculations of Earthquake Recurrence Intervals

One of the most important questions that needs to be answered is,
what 1is the frequency of occurrence of damaging earthquakes? Several
statistical models that are supposed to represent the process of
earthquake occurrence have been proposed to answer this question. The
most common 1is the Poisson model, which assumes spatial and temporal
independence of all earthquakes; that is, the occurence of one earthquake
does not affect the 1likelihood of a similar earthquake at the same
location in the next unit of time. Other models such as those proposed by
Estevea (42) and Shlien and Toksoz (43) consider the clustering of
earthquakes in time. A few other probabilistic models have been used to
represent earthquake sequences as strain energy release mechanisms such as
in Knopoff and Kagan (44). They used a stochastic branching process that
considers a stationary rate of occurrence of main shocks and a
distribution function for the space, time and location of foreshocks and
aftershocks. These models are all useful in the general broad context of
estimating earthquake recurrence sequences over large tectonic regions;
however, they are not adequate to characterize specific occurrences of
earthquakes. While the Poisson process does provide estimates for a
region of the probability of occurence of earthquakes of a specific
magnitude or of the formation of a seismic gap, the estimates are
independent of the size of and time elapsed since the most recent
earthquake, and they are insensitive to location. Therefore, precise
calculations of earthquake recurrence based on these methods must be
viewed with extreme caution, especially when they are based on an often
inadequate historical earthquake record.
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DEGREE OF FAULT ACTIVITY -- A CONCEPT WHOSE TIME HAS COME

A recent comparison of fault activity rates between faults associated
with different tectonic environments (Table 1) shows that there can be a

CALCULATED CUMULATIVE SLIP (M} | MAXIMUM RECURRENCE
SLIP RATE "y SLIP/EVENT INTERVAL
{CM/YEAR) OK yrs | 35K yrs | 100K yrs| 500K yrs (METERS) (YEARS)
Fairweather, Ak. 58 580 2030 5800 29000 10 170
San Andreas, Ca. 3.7 370 1295 3700 18500 10 270
Hayward, Ca. .6 60 210 600 3000 2 300
Coyote Creek, Ca. 3 30 105 300 1500 1.5 500
Lower Rhine Graben, .023 23 8.5 23 115 5 2000
Germany
Upper Rhine Graben, 005 5 1.7% 5 25 3 6000
Germany
Cleveland Hill, Ca. .0006 .06 .21 .60 3 2 33000

Table 1 — COMPARISON OF DEGREE OF FAULT ACTIVITY

difference of several orders of magnitude in the degree of activity of
different faults. As an example, a given fault in a highly active
tectonic environment may have a slip rate of 6 centimeters per year and
may have the potential for as much as 10 meters of displacement in a
single event. The recurrence interval for the l0-meter-slip event may be
approximately 150 years. The cumulative slip, representing multiple slip
events, that results from 100,000 years of strain accumulation along that
fault will be 6000 meters. Conversely, a fault in a tectonic environment
of moderately low degree of activity may have a slip rate of 0.0006
centimeters a year and may have the potential for only 20 centimeters of
slip in a single event. The recurrence interval for the 20-centimeter-
slip event may be approximately 33,000 years. The cumulative slip
resulting from 100,000 years of strain accumulation across the fault in
this environment will be only 60 centimeters. This 1is a significant
contrast to 6000 meters in a highly active tectonic environment. Both
faults may be of engineering significance; however, it is unrealistic to
call both faults active as though they were of comparable hazard.

Another way of illustrating the relative degree of fault activity is
shown on Figure 1. On this figure, faults having a slip rate from 1 to
10 centimeters per year, such as the Fairweather fault in Alaska and the
San Andreas fault in California, have a very high rate of activity.
Faults having lower rates of slip, smaller displacements, and longer
recurrence intervals have relative degrees of fault activity that are
significantly lower.

The slip rate line shown as A in Figure 1 illustrates a fault having
a very high degree of activity. Two different forms of behavior are
indicated on this fault; one showing long recurrence intervals interrupted
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by large fault displacements releasing large earthquakes (lower part of
line A), and one (upper part of line A), representing shorter recurrence
intervals 1interrupted by episodes of smaller amounts of fault slip
releasing more frequent, smaller earthquakes. Recent studies of fault
behavior indicate that some faults may be consistently uniform in the size
of earthquakes released, as well as uniform in the length of the
recurrence interval between major earthquakes (11). On the other hand,
some very long faults, especially plate boundary faults, which may have
the same slip rate along their entire length, show distinct behavioral
differences in both size of earthquakes and recurrence intervals along
certain segments (45, 46).

Slip rate line B on Figure 1 represents a fault having a moderate
degree of activity. The recurrence intervals shown are a mixture of long
intervals followed by large displacements and shorter intervals followed
by smaller displacements.

The slip rate line shown as C in Figure 1 represents faults having a
low degree of activity. Two possible interpretations of recurrence and
size of earthquakes is shown. In this tectonic environment, the longer
recurrence intervals may be several tens of thousands of years and the
shorter recurrence intervals may be several thousand years, with a
corresponding decrease in amount of strain accumulation and displacement.

All the faults represented by the relative degrees of activity in
Figure 1 may meet the deterministic criteria to be classified as active or
capable faults, even though the faults range from having an extremely high
to a very low degree of activity.

The deterministic criteria created to define active or capable faults
are belng regarded by society and some professionals in regulatory
agencies as legal descriptions that categorize a fault as safe or unsafe.
Therefore, these criteria have a tendency to become the basis for value
judgments on safety. We must work towards the phasing out of terms such
as '"active'" and 'capable", descriptions that tend to categorize a fault as
safe or unsafe. Instead, we must aim toward assessing the degree of
activity of individual faults on a quantitative basis, answering the
following questiomns: (1) What is the probability of fault slip during the
life of a facilitwv? (2) What is the probability of exceeding a given
amount of slip in a single event? (3) What 1is the probability of a
certain size earthquake occurring during the 1life of the facility?
(4) What is the magnitude of the earthquake that has a high probability of
occurring during a certain time interval? and (5) What is the probability
of the estimated maximum earthquake occurring along a given fault?

Using the deterministic active fault concept in the earthquake safety
regulatory process has undoubtedly resulted in critical facilities being
constructed using excessive conservatism to compensate for our ignorance
in being able to confidently answer these questions. Also, some unsafe
structures have probably been built at hazardous sites because of this
same ignorance. Improved basic scientific knowledge that will allow us to
confidently answer these questions will obviously result imn increased
confidence 1in the safety of critical facilites, and the additional
knowledge will permit such facilities to be located and built more
econonically, avoiding the waste that 1is presently inherent in our
conservatism.



147

Probabilistic wvalues, even though based on considerable professional
judgment, are what are needed to allow realistic assessment of hazards so
that rational value Jjudgments can be made regarding the levels of
acceptable risk.

REALISTIC PROBABILISTIC MODEL FOR EARTHQUAKE RECURRENCE

The evaluation of the Quaternary geologic evidence for seismicity,
combined with the historical record of seismicity, shows that significant
earthquakes exhibit nonrandom patterns in terms of location, size, and
frequency of occurrence. The occurrence of significant earthquakes can be
represented by a relatively continuous, gradual process of strain
accumulation, 1interrupted periodically by episodes of sudden energy
release caused by fault slip. Several factors influence the size of
earthquakes in a given area; the area available to accumulate strain, the
rate of strain accumulation, the shearing resistance along faults, and the
amount of sudden fault displacement, This physical model suggests a
dependence on at least two conditions; the size of and the time elapsed
since the most recent significant earthquake. Since both conditions will
vary from fault to fault, the probability of occurrence of a significant
earthquake or continuation of a seismic gap can be expected to vary from
location to location, even within the same tectonic region.

Patwardhan and others (47) have utilized a semi-Markov process, which
can model the spatial and temporal tendencies of great, main-sequence
earthquakes. A semi-Markovian representation of earthquake sequences is
consistent with a generalized understanding of earthquake generation
consisting of gradual, uniform strain accumulation and periodic release of
a significant amount of strain energy by fault displacement. Since the
build up of strain energy sufficient to generate another significant
earthquake along a given fault would take some time, the occurrence of a
significant earthquake along the same segment of the fault is less likely
within some time following an earthquake of similar size than along the
segment of the fault that has not experienced a similar earthquake for a
long time. As the time elasped without the occurrence of another
significant earthquake increases, so does the probability of 1its
occurrence. It is reasonable to assume that both the size and the waiting
time to the next significant earthquake is influenced by the amount of
strain energy released along that segment of the fault in the previous
significant earthquake and the length of time over which strain has been
accumulating along that segment of the fault. For example, assuming a
constant strain rate along a major fault, the strain build up required to
generate a large magnitude earthquake will take longer than the strain
build wup to generate a moderate magnitude earthquake. These
considerations are well modeled by a semi-Markovian representation of
earthquake sequences. In addition, a semi-Markov process has the basic
Markovian property of a one-step memory (the probability that the next
significant earthquake is of a given magnitude depends on the magnitude of
the previous significant earthquake). The development and application of
the semi-Markov model for estimating the probabilities of great
earthquakes 1s discussed in detail by Patwardhan and others (47).

The purpose of discussing the semi-Markov process is to bring it to
the attention of geologists and seismologists who have been critical of
inaccurate and unrealistic, albeit sophisticated, statistical treatments
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of earthquake reccurrence that have not taken into consideration the fact
that the earthquake process 1is one of gradual strain accumulation
interrupted periodically by sudden fault slip. The semi-Markov model
appears to be closer to representing the true earthquake process, rather
than being based on an over simplified assumption that earthquakes are
spatially and temporally independent, and that the occurrence of one
earthquake does not affect the likelihood of similar earthquakes along the
segment of a fault during the next unit of time. The primary result
obtained from the semi-Markov model is the probabilities of occurrences of
different magnitude earthquakes in a given zone during a specified period
of interest. The probabilities are location and time-specific; that is,
they are dependent on the initial condition of the zone and are applicable
for the duration of real time. For example, if a period of interest of
the next 100 years is specified, the probabilities are applied to the next
100 years, rather than to 2all 100-year intervals. The probabilities
derived from this method provide contributions to a seismic risk model
that are more consistent with the earthquake mechanism of strain
accumulation and cyclic energy released by faulting.

The continuing research in refinement of the semi-Markov model,
together with the potential of incorporating geologic data (data on the
degree of fault activity), will allow a more realistic assessment of
earthquake hazards that will result in a more realistic quantification of
seismic risk. However it is important to understand that the coanfidence
in the final answers are directly related to our ability to understand the
fundamental aspects of earthquake mechanisms and fault behavior.

CONCLUSION

We must face -earthquake safety issues knowing that there are
uncertainties, and attempt to quantify the uncertainties probabilistically
so that value judgments about the level of acceptable risk are based on
the best and most reliable data at the time of the decision. There has
always been uncertainty in the geologic and geophysical sciences and the
time has come to accurately communicate this uncertainty and estimate the
degree of fault activity so that decision makers have a realistic basis
for earthquake hazard mitigation and risk management. We must give the
most accurate answer now, while periodically revising our estimates as
more reliable data become available. An adequately completed
probabilistic approach allows scientific assessments to be made with a
clear indication of the degree of confidence in the data.

Considering the results of basic earthquake research that are
beginning to be realized, and anticipated future research programs, we are
truly on the threshold of an exciting phase of earthquake hazard
assessment and risk quantificatiom that, when appropriately applied, will
allow realistic assessment of the degree of hazard so that confident value
judgments can be made regarding acceptable earthquake risk.
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GEOPHYSICAL ENGINEERING INVESTIGATIVE TECHNIQUES
FOR SITE CHARACTERIZATION

by
Vincent J. MurphyI
ABSTRACT

Geophysical surveys that are of a regional nature and. those for
site-specific studies, usually including in-situ measurements of seismic
wave velocity values, are the most generally accepted applications of
geophysical engineering techniques for microzonation/site characteriza-
tion.

The need to know where earthquakes are apt to occur, as well as the
effects of those earthquakes on different geologic materials/foundation
conditions, has both increased the use as well as the acceptance of
geophysical surveys. On the one hand, delineation of tectonic elements
is desirable; on the other hand, the values of moduli at various depths
below ground surface is a design requirement.

A myriad of geophysical techniques is readily available from a
number of consultants and contractors. There appears to be a universal
acceptance of gravity and magnetic surveys for the regional considera-
tions, and seismic refraction and cross-hole velocity measurements for
the in-situ parameters; occasionally, seismic reflection surveys are
useful for delineating specific structures (such as offshore faulting)
and tracing such features.

Of all the geophysical techniques that are in any way related to
specific site parameters, the in-situ measurement of shear wave, "S",
velocity values is the most widely used. The method of measurement,
that is, the type of energy source and the specific array of boreholes
(either closely spaced or spread at relatively great distances) varies
with the organization conducting the measurement.

INTRODUCTION

The ever increasing use of geophysical techniques for zoning applica-
tions, in general, and for soil dynamics considerations, in particular,
is evident upon a brief perusal of the proceedings of recent confer-
ences, such as the Fifth and Sixth World Conferences on Earthquake
Engineering (Rome and New Delhi - 1973 and 1977) and specialty con-
ferences, such as ASCE (Pasadena - 1978), etc. In the Fifth WCEE,
Perrinetti (1) referred to numerous geophysical studies performed other

IVice President, Senior Consultant: Weston Geophysical Corporation,
Westboro, Massachusetts, 01581.
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than for microzonation which (could) should be included with geologic
information in the course of compiling a '"geoseismic map". In the Sixth
WCEE, Medvedev (2) called for map compilations including "...velocities
of propagation of longitudinal and shear waves, and the structure of
soils are determined with the methods of seismic prospecting”. Whitman
et al (3) noted that the soil profile factor, "G", varies from 1 to 1.5
for conditions varying from rock to soft clays and soils (conditions that
are readily assessed with geophysical techniques).

Background

The most widespread use of geophysical techniques for projects that
would quite properly fall within the context of "Microzonation" is in
Japan and the United States; in Italy, Turkey, and other countries
bordering the Mediterranean Sea, there are lesser amounts of documented
geophysical/zoning experiences. In numerous worldwide areas, geophysics
is used for engineering-type projects - not specifically for zoning. At
the First Microzonation Conference, this writer (4) considered techniques
and applications that dated over a period of nearly 20 years; for this
Second Conference, the reader will find that an effort is made to
consider relevant materials and developments that have become available
in the interim period.

Extensive new data banks are available; careful searching through
various public agencies and private company files will disclose useful
information in the form of profiles, contour maps, and specific para-
meter values.

It is interesting to note that both Japanese and United States
investigators pioneered the type of measurements that are considered as
site specific, namely, in-situ velocity/moduli for individual building
sites; however, investigators in the United States also pioneered
the broader type of investigations, such as long geophysical profile
lines and gravity/magnetic contour maps of extensive areas.

In this state-of-the-art presentation, the attempt is made to
crossover from a classical type of geophysics to engineering/site
characterization work and from engineering back to geophysics.

Objectives of Findings

The topical questions that are asked of geophysics usually concern
soil/rock conditions (deep or shallow, hard or soft) and tectonics
(structures, trends, and delineations of active/capable zones).

Knowledge of soil and rock conditions is achieved by seismic
wave velocity measurements and profiling of the various velocity layers;
knowledge of the tectonics of an area is provided by gravity and mag-
netic surveys. Closely related to those specific tasks and techniques
is the ultimate question of what intensity would result from a certain
earthquake.
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Typical data correlations that are indicative of the value of geo-
physical techniques for site characterization are as follows: mafic
masses, detected by magnetic and/or gravity surveys, are reported to be
spacially related (in a number of instances) with isolated areas of
seismicity; it appears, with regard to liquefaction, that materials
with seismic shear wave velocity values exceeding 200 to 250 m/sec (700
to 800 ft/sec) probably would not be a problem, and intensity values of
VIII(MM) or greater have apparently not been observed for structures
built on materiais with a "P"-wave velocity of over 4,000 m/sec (13,000
ft/sec) and/or an "S"-wave velocity exceeding 2,000 m/sec (6,600 ft/sec).

Structural geologic features that have near-vertical attitudes and
are buried at depths greater than trenching Timits are oftentimes
detectable only with geophysical techniques.

LITERATURE

The methods and theoretical background concerning the various
techniques covered in this paper are adequately considered in recent
texts and reference works. Since the time of the First Microzonation
Conference (1972), a significant number of new texts and reference works
has become available.

Texts and Journals

Some of the more popular and widely used texts are a new edition of
the well-known one by Dobrin (5) and a most comprehensive paperback by
Telford et al (6); an earlier edition of Dobrin is also available in
Spanish. A text that originally appeared in German and contains extensive
consideration of "digital seismics" is by Dohr (7). A volume concerned
specifically with gravity and magnetics and an elementary monograph on
the same subject matter are by Nettleton (8a, 8b). United States
Geological Survey monographs of greater suitability than their titles
would imply are by Zohdy et al (9a) and by Keys and MacCory (9b). A
recent text from England that covers a number of techniques, but specific-
ally addresses offshore applications, is by McQuillin and Ardus (10).

New volumes that are specialized for seismic surveys are by Coffeen (11)
and Payton (12); these volumes also contain numerous data samples
demonstrating faulting, folding, and other relevant structural features
from notable areas.

A technique that has widespread application for zonation and soil
dynamics, but is rarely considered in geophysical text books, is the in-
situ measurement of shear wave velocity values (covered as a separate
topic later in this paper).

Several professional geophysical journals contain papers on both
techniques and applications: "Geophysics" of the Society of Exploration
Geophysicists, "Geophysical Prospecting" of the European Association of
Exploration Geophysicists, the "Journal of the American Association of
Petroleum Geologists", and the "Bollettino di Geofisics" from the Geo-
physical Observatory-Trieste. These journals contain numerous data/
survey case histories and examples such that the reader will find in-
formation that is useful not only for the techniques themselves but
also for real geologic conditions in many "diverse parts of the world.
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It should be recognized that most geophysical exploration takes place
in 0il1 provinces or potential province areas; as a result, much of
these data apply to relatively deep sedimentary sections rather than
to shallow crystalline rock areas.

[f an area considered for zoning is fortunate enough to be within
an oil province, it is most probable that extensive seismic reflection
profiling has taken place and at Teast some published data are available
in the journals. Such data may be in the form of actual recordings,
seismic profile sections, or structural contour maps. It is recognized
that some structural features, such as slump and growth faulting, may
be due to nontectonic factors; judgment, therefore, is necessary in the
use of these data.

Although a significant amount of data by explorationists is classed
under a proprietary cover, it is often avajlable for limited usage at a
fraction of the acquisition cost; commercial data banks are helpful for
locating such data.

In virtually all conferences on earthquake engineering, from the
International and World Conferences through the United States National
Conference and local ASCE Section Conferences, shear modulus and small
strain/in-situ measurement of shear wave velocity values are subjects
of frequent discussion.

REGIONAL GEOPHYSICAL STUDIES

In order to fully utilize geophysical data for microzonation of
areas of varying size, available data banks are, and should be, aug-
mented by on-site field measurements. After the preparation of epi-
center maps for the historical record, aeromagnetic survey contour maps
and gravity station data are then assembled; some processing, such
as filtering for delineation and separation of localized (residual)
anomalies from those of more regional extent will result in data that
can be correlated with the epicenter map. This use of available data
banks is an economical and significant first step. The need for ad-
ditional data (closer flight lines and/or greater density of stations)
also must be assessed.

The detection and delineation of the mafic masses considered by
Kane (13a), Hildenbrand et al (13b), and McKeown (14) are readily attain-
able by geophysics (refer also to Figure 5).

Reflection surveys for petroleum and refraction surveys for routine
foundation investigation are types of data that should also be sought
after in initial data searches. The northern Venezuelan and the Califor-
nian coasts are areas where existing data are useful for zonation. Much
of the data was not originally acquired there for that purpose; also,
it may have been obtained some tens of years ago, but the indications of
faulting occurrences are as valuable today for zonation as they were
originally for oil and foundation evaluation.



157

Gravity and Magnetic Surveys

The spatial correlation of earthquake epicenters with various
geophysical anomalies, such as magnetic and gravity "highs" and trends
of gravity contours with steep gradients, is a recent development for
sections of the United States where earthquakes have been known to occur
for considerable time based on historical records. Typical areas are
northeast and northwest United States (Figures 1, 2, 3, and 4) and
central and southeast United States (Figure 5). Gravity station data
must all be referenced to a common base and field checked by. repeating
selected station readings; where the aeromagnetic survey coverage is
rather sparse, such as widely-spaced flight line (10 kilometer) and/or
no tie lines, and where adjacent surveys are flown at different flight
elevations or at different ground clearances, entirely new data may be
necessary. The preferred spacing of gravity stations appears to be in
the order of a kilometer, and the preferred interval between adjacent
aeromagnetic survey flight lines is in the order of a kilometer with
tie-Tine spacings that do not exceed 10 kilometers. For the aeromagnetic
survey, a constant ground clearance of 300 to 500 meters is usually
desirable; areas of steep and irregular topography will require some
adjustment in ground clearance or possible draping.

The use of gravity and magnetics is usually involved with broader
geologic structures that are of interest for zoning in order to relate
anticipated earthquake occurrences with specific geologic structures;
the extent of the structures is usually a few to as many as tens of
kilometers.

Recent studies in two divergent areas of the United States, the
northeast and northwest, have taken advantage of the latest state-of-
the-art techniques and methods to provide geophysical data significant
for zoning in general, and nuclear power plant siting in particular.
Contour maps, resulting from processed gravity and aeromagnetic surveys,
became especially useful to identify areas where earthquakes would not
be anticipated as well as localized geologic structures that correlate
with historical activity (Reference Nos. 15a and 15b, and Figures 1, 2,
3, and 4). The significance for zoning is obvious.

The interpretation of gravity and aeromagnetic survey contour maps
is largely of a qualitative nature. Trends, magnitudes, linears, and
patterns are some of the characteristics with which a geophysical
interpreter is usually concerned. Very recently, however, Simmons et al
(16a) and Simmons (16b) has evaluated gravity anomalies located in parts
of the northeast and northwest United States in a quantitative manner;
the mathematical modeling for those areas demonstrated significant
stress fields at or near locations where earthquake activity is known to
occur.

Seismic Reflection Surveys

Seijsmic reflection profiling, on land and underwater, includes
applications that vary from truly regional considerations (such as
detection and delineation of deeply buried structures and the extent of
offshore faulting) to very site-specific considerations, such as the
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possibility of faulting at proposed nuclear or other power plant loca-
tions. Since the cost usually varies directly with the depth of pene-
tration required (deep profiling requires more expensive systems and
more sophisticated data processing), most of the seismic reflection work
related in any way to zoning is usually shallow underwater profiling
with equipment that is portable and suitable for small boat operations.
A particular note in this regard for the offshore profiling is that
accurate locationing is essential and requires a highly reliable radio
navigation system.

Advances in instrumentation by digital recording, wide band am-
plifiers, etc., allow more exacting evaluation of recorded data than has
previously been available. The ability to play-out and replay certain
segments of the recorded data has a distinct advantage over analog
recording, which may have an unfavorable noise level and/or amplification
and/or adverse frequency pass-band selection.

Data samples from the United States east and west coasts illustrate
the detail of layering and structure that is readily attainable with the
reflection technique (Figures 6 and 7).

SITE-SPECIFIC SURVEYS AND MEASUREMENTS

Depth to rock and the configuration of the rock surface, as well as
velocity values for both rock and overburden layers, are frequent objec-
tives for seismic refraction surveys and in-situ type measurements
(Reference Nos. 17, 18, 19, 20, 21, 22, 23, 24, 31, 32, and Figures 11
and 12). These data often constitute input for analyses by other
professionals concerned with amplification, liquefaction, etc.; the
1967 Caracas earthquake is a particular instance of such an involvement
of different disciplines (Reference Nos. 27, 28, 29, 30, and Figure 15).
The continuity of layering and the presence or absence of faulting are
often the objective of seismic reflection profiling. Moduli determina--
tions require in-situ measurements of both "P" and "S" velocity values.

Seismic Reflection Surveys

Extensive seismic reflection survey coverage off the California
coast, as exemplified in the sections of Figure 7, and land coverage in
areas such as the Atlantic coastal plain shown in Figure 8, readily
demonstrate the absence or presence of geologic structural features. In
the first example, evenly bedded sediments.are disturbed by faulting;
in the second example, a notably smooth, gently-dipping crystalline rock
surface extends for significant distances.

Seismic Refraction Surveys

Seismic refraction profiling which has been used extensively for
some tens of years as a foundation exploration tool for various en-
gineering projects has recently been used successfully for near-surface
fault detection. Where faults are truly "active" (or to use a nuclear
siting term - "capable"), the fault zone often acts as a barrier to
groundwater movement, resulting in different depths to the water table
on either side of the fault zone. This technique has widespread application
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for areas, such as parts of California - the Calaveras fault (Figure 9)
and faults subsidiary to the San Andreas in southern California;
applications for microzonation are numerous--the siting of all lifelines
and structures. Existing dams and other earth embankments are being
explored with refraction (Ballard and McLean (24), Figures 13 and 14),
as well as with borehole techniques.

In-situ Velocity Measurements

For a period of approximately 10 years, there has been an ever
increasing use of these cross-hole type measurements (Figure 10) to
determine in-situ values of seismic shear-wave velocity (Reference
Nos. 25, 26, 33, 34, 39, 40, 41). From the recent ASCE Conference
(Pasadena), the paper by Woods (42) includes a rather exhaustive treatment
of this matter and includes numerous references and data samples (Fig-
ure 16). Although much of the original and referenced material in that
paper is drawn from studies where the source of energy was mechanical
(that is, some sort of a weight drop or other mechanical impact device),
the actual velocity value for any Tayer ought to be the same regardless
of the energy source, if the strain level along the path of transmission
is of approximately the same magnitude.

In addition to obtaining specific data for the design of a specific
structure, cross-hole velocity values can also be used to assess the
uniformity of soil dynamics properties over extensive areas. Typical
arrays of holes and suites of data are displayed in Figures 10, 14,
and 16. The spacing of holes and the measurement intervals are selected
by reference to the probable geologic sequence that is penetrated; thin
soft or hard layers require special attention.

Energy sources and spacings of holes are a controversial item in
the practice of in-situ velocity measurements; explosives, mechanical
or electromechanical, air guns, and most recently, "sparkers", probably
comprise the full spectrum of available sources. Adaptations of these
sources to borehole orientations and size is a further subjective
element. Consistency of measured values for the same section of material
at a specific site is most desirable for all velocity measurements no
matter how the measurements are made; variations up to plus or minus
10 percent are probably acceptable. Repeated measurements by the same
organization with the same equipment and field procedures usually
result in a data value scatter of less than 5 percent. When 50 or 100
percent differences between sets of measured data for the same layer
become evident (from the same or different investigators), either the
nature of the material has undergone a significant change in the period
between measurements, or one set of data is clearly in error.

The increased use and emphasis on in-situ determination of velocity
values have also brought about a greater awareness of the limitations of
these geophysical measurements (Reference Nos. 35, 36, 37, 38, and 43).
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Gravity and Magnetic Surveys

Localized, structural geologic features can often be delineated
with closely-spaced ground survey traverses made with gravity meters
and/or magnetometers. The portability and ease of use of these instru-
ments result in significant amounts of data at any area within a short
time framework. It should be noted, however, that gravity surveys take
place in virtually any environment, whereas magnetic surveys are often
affected by cultural features (buildings, fences, pipelines, etc.).

Borehole Logging

Borehole logging is one of the few geophysical techniques where
advances in the equipment state-of-the-art and applications have been
notably Tacking with regard to zonation-type applications. Relatively
rapid techniques for stratigraphic continuity studies are gamma logging
and sonic logging, but only a few professionals are actively using them.
This technique is probably the fastest and most inexpensive of all the
geophysical techniques and enables the site explorationist to rapidly
drill a number of holes without coring or sampling and merely compare
the gamma log signature from one hoie to the other. For this type of
measurement, it is imperative that accurate locationing, both vertically
and horizontally, is provided for dependable correlations.

RECOMMENDED PROGRAMS

Based on the current practice of national agencies and private
organizations, a sequence of geophysical evaluations ailows zoning from
a regional scale down to and including site-specific objectives.

Aeromagnetic and gravity contour maps, processed and interpreted to
disclose linears and other anomalous features and trends, should be
correlated with historical seismicity maps. For many parts of the
world, it will become readily apparent that the locales of certain types
of anomalies will require different zoning criteria than others, such as
along the trend of gravity contours where steep gradients exist, and at
near-circular magnetic anomalies with both steep gradients and high
magnitudes. If such anomalous features correlate with geologic struc-
tures that are old and seismically inactive, then it may be possible to
revise the zoning requirement.

For localized considerations, such as for cities and similarly
small regions, programs should include seismic profiling and the in-situ
measurement of seismic wave velocity values. High resolution reflection
and refraction profiling will readily distinguish those areas where rock
or other firm foundation materials are shallow from areas where deep,
extensive deposits of loose materials exist. A further benefit of such
profiling is the detection and delineation of near-surface faulting that
is probably active/capable, and bedrock features, such as ridges and
depressions, that may have significance for both geologic and engineering
considerations.

With regard to the most widely used geophysical technique suitable
for both zoning and design requirements, the in-situ measurement of "P"-
wave and "S"-wave velocity values is useful and often required for
determination of moduli and the layering sequence where those values apply.
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SQCIAL ASPECTS OF EARTHQUAKES

by

Janice R. Hutton1 and Dennis S. MiletiII

ABSTRACT

Recent natural hazards policy studies illustrate discouraging trends
in earthquake losses and in the use of adjustments to mitigate earthquake
hazards. The potential for catastrophic losses from large earthquakes is
increasing. Adjustment use trends indicate that some current practices
do help reduce losses from moderate earthquakes but may ultimately increase
losses from large earthquakes. Furthermore, research indicates only a com-
prehensive approach, one that encourages the use of a locally appropriate
mix of adjustments, can curb the increasing rise in catastrophe potential
from large earthquakes.

Potentially, microzonation has a substantial contribution to make to
efforts to mitigate the effects of large earthquakes and associated
hazards. Mircozoning studies may also provide a stimulus to intiate com-
prehensive programs of earthquake hazard management. In order to provide
the basis for effective hazard reduction programs, microzonation studies
must be performed by experienced multidisciplinary technical teams work-
ing in direct conjunction with a variety of public and private officials.

INTRODUCTION

Prior to the 1960's, poverty in America was socially understood as a
fact of life; a reflection of individual choice, a product of God's will.
But in 1961 Michael Harrington discovered that poverty in America was not
a fact at all, it was instead a problem (8). The distinction between
facts and problems is that problems have solutions; while social facts
have no solutions. Harrington's study focused on the distribution of
poverty. The patterns of distribution allowed him to discern the inter-
active causes of poverty which implied a more systematic approach to solv-
ing poverty in America. Lyndon Johnson instituted a set of solutions to
the institutional causes of poverty implied in Harrington's work. Called
to "Economic Opportunity Act of 1964', the Federal government launched a
full scale attack on the causes of poverty in America. Poverty became a
social problem rather than a fact. Legislative and organizational solu-
tions abounded, and some of these solutions have enabled purposeful in-
terventions to break the cycle of poverty.

Prior to the 1970's earthquakes and their destructive potential were
socially defined as facts of life; a reflection of individual choicc; or
a product of God's will. Spurred by funding emphasis of the National
Science Foundation in the early 70's, studies identified more systematic-
ally the physical and social distributions of earthquake effects and

I Janice R. Hutton, Senior Staff Scientist, Woodward-Clyde Consultants,
San Francisco, California.

II Dennis S. Mileti, Associate Professor, Colorado State University, Ft.
Collins, Colorado.
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losses (1), (2), (3), (6), (12), (13), (14), (15). The patterns of distri-
bution enabled scientists to better describe the interactive causes of
earthquake losses which imply a more systematic approach to reducing the
growing hazards from earthquakes.

Coupled with the impact of the 1971 San Fernando Earthquake, study
findings gave rise to the definition of earthquakes as a National social
problem. With passage of the "Earthquake Hazards Reduction Act of 1977",
the Federal government has instituted a set of solutions to the interac-
tive causes of earthquake losses. The 1970's could mark the beginning of
comprehensive solutions aimed at altering the cycle of increasing potential
for catastrophic losses. Microzonation has a large potential contribution
in solving earthquake problems.

Microzoning studies could provide an important first step toward
instituting comprehensive damage-reduction programs for seismic events
and associated hazards. The studies should be undertaken with a view to
their serving as a basis for a variety of planning efforts related to
hazard abatement.

DEFINITIONS OF CAUSE AS BLINDERS

The nature and content of proposals for solving problems is highly
related to the shared and accepted definitions of the causes of problems.
Hence, when Harrington discovered systematic biases in the opportunity
structure for getting jobs, affirmative action programs were offered as a
solution to break down the biases. This program and others began to com-
pete with the more commonly held view that poverty in America, since the
time of the Great Depression of the 1930's, was caused by laziness, an in-
herited lack of intelligence, individual choice and God's will. This later
view of causes of poverty defined it as an individual's problem. No social
system cause or social problem was defined and therefore no social solution
was offered.

Causes of Earthquakes

Similarly, an overwhelming majority of people asked about the causes
of disasters in their own localities, said they view them as either unac-
countable or as an act of nature or of God (2). Recent work by Burton,
et. al. discerned three perspectives on the cause of disasters. Casual
factors are either nature, technology or society. People and their decis-
ions and habits are rarely viewed as causes of disaster.

From the natural science point of view disasters are natural events
which are solved by an emphasis on scientific research on natural causes.
From this definition of cause the choices of solution emphasize increas-
ing and using knowledge from the natural sciences to mitigate hazards.

The implication of the Burton, et. al. line of argument is that those
who view the cause of hazard as technological or as social are biased in
suggesting solutions which are almost wholly technological or social, re-
spectively. Social, economic and political variables are, in fact, just
beginning to surface as possible causes of hazards. "They need to be
examined in harmony with physical and technical factors' (14). None of
these three casual explanations alone (nor any two of them) will provide
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adequate solutions to the earthquake problem, just as Mother Nature
casual explanations have not led to reliable solutions,

Trends in Earthquake Losses

Recent U.S. research in natural hazards and policy has presented
decision makers with better documentation regarding the causes of earth-
quake damages, and the extent and distribution of expected losses from
earthquakes.

More than 70 million people in the U.S. live in the two highest (of
four) seismic risk zones. Most of the nation is subject to some risk
from seismic disturbance. Major earthquakes have occurred in the interior
of the country and on the eastern seaboard, thus undermining the popular
conception that earthquakes are limited to the Pacific Coast.(l) Despite
a considerable seismic history, the United States has been extraordinarly
lucky; only 1,200 deaths have resulted from earthquakes in this country
(13). But, earthquake damage has been on the increase. Dollar loss per
capita shows an upward trend in recent years (1). Danger from earthquakes
is increasing in the U.S. because in recent decades the population has
concentrated in urban centers subject to risk from major earthquakes and
associated hazards. It is estimated that by the year 1200, 15% of the
nation's people will be subject to major earthquakes in California
alone (13).

Increasing concentration of people and property at risk leads tc in-
creasingly high estimates of loss potential from large earthquakes in
urban areas. Estimates of losses from a repeat of the 1906 San Francisco
quake are staggeringly high. The death .toll could reach 40,000 with
economic loss estimates ranging from 13 to 20 billion dollars (5), (13).
A major earthquake in Los Angeles is estimated to cost 25 billion dollars
with as many as 12,000 deaths and thousands more injured (13). These
discouraging trends in the U.S. losses are roughly reflected throughout
the seismically active world.

Causes of Earthquake Losses

When we come to agree that earthquake problems stem from a combina-
tion of natural, technological and social causes then we will begin to
assess earthquake risk by using information about all three causes.
Specific causes and interactions among them that contribute to earthquake
losses are difficult to identify and measure. To illustrate the complex-
ity, Ayre, et. al. summarized some of the relationships in a 1975 study
(1). Drawing on their work, there are at least five sets of factors or
effects which combine to identify the level of hazardousness of a place,.
The earthquake hazard is an interactive function of:

(1) Physical Effects

(2) Static Human-use Effects
{3) Systemic Human-use Effects
(4) Associated Hazards Effects
(5) Adjustment Levels Effects
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Physical effects, which define the character of the earthquake event
are hard to estimate because interactions among them are complex and diffi-
cult to predict. Earthquake damage may result from three separate physical
sources: (1) strong ground motion (shaking); (2) surface fault ruptures;
and (3) ground failure (landsliding, settlement, liquifaction). In turn,
these effects are influenced by other earthquake parameters: (1) magnitude
of the earthquake; (2) epicentral location; (3) hypocentral depth; (4) ex-
tent and magnitude of surface faulting; and (5) intensity and duration of
ground motion (4). All of these physical characteristics of the natural
event are causes of damage and should be considered when estimating the
earthquake risk at a particular location.

To further complicate the attempt to evaluate local risk are a host
of human use characteristics which combine with the physical effects to
determine risk. Included in the evaluation will be static estimates of
the amount and distribution of exposure of people and various classes of
structures, according to age, use, type, height and density of occupation.

A particularly important consideration in estimating earthquake risk
is that earthquakes sometimes result in compound disasters. Fires are
the most common secondary hazard, although the dangers from flooding (from
tsunamis or dam failures) are particularly important at some locations.
Locally, landslides and avalanches must also be considered in risk esti-
mates.

Future efforts to estimate and quantify the earthquake risk of an
area should consider the indirect, systemic effects. Indications and
geographic location of especially vulnerable structures, systems or econo-
mic sectors whose demise would have implications beyond their direct dam-
age are considerations to be estimated. For instance, an especially large
employer or the concentration of an industry wide distribution center upon
whom many jobs are dependent are examples of indicators. Losses like these
appear to be a very significant cost associated with a large earthquake
disaster. An interesting study by Cochrane of losses from a repetition of
an earthquake in San Francisco of the same magnitude of that in 1906 in-
dicates that indirect and systemic effects are, at a minimum, equivalent
to direct property damages (5), (6).

Estimates of levels of mitigating measures in use in the area are
also determinants of damage potential. Local capacity to respond to an
earthquake emergency can greatly affect the influence of secondary hazards
on damage levels.

Our capacity to measure potential effects of earthquakes has incr-
eased in recent years although further refinement of measures is desirable.
Which and how many of these measures are included in an assessment of
risk is a matter of choice. We believe that this choice should be a
matter of wide scientific and policy debate so that some indicators of
each type of cause of earthquake damage is included in an overall
assessment of local area earthquake risk.

The ways in which earthquakes are measured is very much a matter of
cultural convention, scientific knowledge, data availability and func-
tional need. For the present multitude of purposes, the ideal measure of
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earthquake bigness includes various dimensions of the hazard rather than
merely some indexical measure of physical effects (2). In order to serve
as a basis for comprehensive planning for the reduction of earthquake
hazard potential, risk assessments should encompass measures of each cate-
gory of earthquake effects and describe their geographic distributions.
The resulting, more comprehensive description and evaluation of hazard
potential may yield more comprehensive solutions to hazard problems.

LIMITATIONS OF AVAILABLE SOLUTIONS

Any effort to design programs for comprehensive earthquake hazards
reduction is very difficult. Not only are the physical and social inter-
actions complex, but our knowledge about the relationships is quite in-
complete. Nevertheless, reliable knowledge is increasing and some trends
in the effectiveness of preventive actions are emerging for interpretation.

Briefly stated, hazard adjustments is a phrase which refers to in-
tentional actions which are taken by decision makers to cope with the risk
and uncertainties of earthquakes.III Adjustments are purposefully chosen
solutions to a perceived hazard problem. The particular choices imply
assumptions as to hazard cause. A conventional classification of adjust-
ments includes three categories of actions: (1) modify the event (earth-
quake control); (2) modify vulnerability (earthquake-resistant design of
structures); and (3) redistribute losses (emergency relief aid).

Adjustments which comprise the modification of vulnerability to
earthquakes include:

(1) earthquake-resistant construction;

(2) land use management;

(3) prediction and warning systems;

(4) community preparedness for emergency response; and
(5) pre-event planning for post event reconstruction.IV

An attempt to estimate and assess current levels of earthquake adjust-
ment use and effectiveness was conducted by the Institute of Behavioral
Science, University of Colorado in 1975 (1), (14). The study concluded
that the U.S. is currently over-relying or encouraging the use of some
adjustments at the expense of stimulating the use of others; thus inhi-
biting a mixed approach in stemming vulnerability from earthquakes.

In an all hazard summary evaluation of adjustment use and effective-
ness the research concluded that a '"... substantial portion of the

ITI For a more thorough review of hazard adjustments and the complexities
of evaluating their interactions and use see White, Gilbert F. and J.
Eugene Haas, Assessment of Research on Natural Hazards. Cambridge,
Mass.: The MIT Press, 1975, pp 57-66 and 323-324.

IV The discussion of adjustments and their use is adapted from Ayre,
Mileti and Trainer, Earthquake and Tsunami Hazards in the United
States: A Research Assessment. Boulder, Colorado: Institute of
Behavioral Science, University of Colorado, 1975.
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adjustments being used appear to contribute to enlargement of catastrophy
potential as a result of increasing reliance upon technological measures"
(14). So far, our approaches to coping with earthquake hazards do not
reflect an awareness of the tendency to over-relay on technological adjust-
ments.

Optimum structural resistance to earthquakes involves responsible
action by the owner, financing agency, architect, engineer, builder,
foreman of construction, manufacturer of components, insuror, and appro-
priate government officials. There are many special problems with the
use of building codes and regulations for protection against earthquake,
fire and other hazards. The codes themselves, even if in effect and
thoroughly enforced, are often inadequate. Codes establish no more than
minimum requirements for public safety -- they are not designed to pre-
vent damage although they aim to reduce damage to a tolerable minimum.
With the occurrence of a large earthquake, many "built to code" struc-
tures may be total economic losses. Furthermore, old hazardous buildings
-- not subject to codes -- pose a very serious problem in some cities
because many of them have evolved into densely occupied housing for low-
incomed people.

On the other hand, effective implementation of earthquake-resistant
design and construction undoubetely reduces damages from moderate earth-
quakes, and should be encouraged. But codes should not become the sole
collective adjustment. It is just not clear that persons who should know,
know that present codes and uneven enforcement may contribute to a false
sense of security leading to decisions to locate in areas prone to large
earthquakes. Dense occupation of expensive structures in areas of high
hazard continues and contributes to the staggering growth in potential
catastrophic losses.

Land Use Management

Although there are a few examples of the use of land use management
for reducing seismic hazards, little has been done in the United States
to encourage the application of this adjustment. The most encouraging
example exists in the City of Long Beach, California, where a long term
program for phasing out the use of old and hazardous buildings is in
effect.

The State of California has made two attempts to encourage recognition
of seismic safety considerations in local planning efforts. The Alquist-
Priolo Special Studies Zones Act aimed to guard against building inhabit-
able structures (except single family dwellings) across active faults. And,
the California Council on Intergovernmental Relations adopted guidelines to
be enforced under previous planning legislation which require California
cities to take seismic hazards into account in their planning programs.

The experience with both efforts is uneven. Both attempts have been
hindered by ambiguity and interpretation of what is expected (13). Many
studies conducted to comply with the seismic element have provided only
highly generalized information and several studies are reported to be of
low technical quality. Even if these two provisions were being enforced
to the letter and intent of the legislation, problems with their use
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remain. Foremost, there is a common misconception that damage from fault
shippage is a major source of loss from earthquakes. When evaluating
total damages from a given earthquake, damage resulting from surface fault
displacements will generally be minor when compared with damages from
other earthquake effects, such as local ground conditions. (4)

An implication of sole reliance on land use schemes based on incom-
plete or technically poor information is similar to the implication pre-
viously drawn about the sole use of building codes as a strategy to achieve
earthquake loss reduction. In consciously meeting the laws, development
decision makers may be lulled into believing they have adhered to all
practical guidelines for safe location. Decisions to locate in areas of
high hazard are likely encouraged by guidelines which are either incom-
pPlete in their concept or coverage of hazard effects or inadequately imple-
mented and enforced. Further study of the effectiveness of these laws
are needed to explore the hypothesis that these two laws are exacerbating
the trend of growing catastrophe potential.

Prediction and warning systems

Specific forecasts of damaging earthquakes may be available in less
than a decade but a reliable system for prediction and warning may not be
available in the foreseeable future. Some mechanisms are already
in place to assist responsible officials who must cope with the many un-
certainties involved in advantageously using the new technology (11).
Scientifically successful prediction and warning of an event cannot be
expected to lead, of itself, to desirable social response. In the event
of inaccurate predictions or false warning, which in the nature of the
problem will inevitably occur, the social response may be highly undesir-
able and may lead to greater economic and social disruption than would
have occurred without warning. Encouraging the use of this adjustment
at the expense of applying other, more reliable, forms of protection would
be a major error in policy direction for the United States.

Emergency Response

Community preparedness for emergency response is a hazard adjustment
of special importance for earthquakes in order to minimize the potential
for a compound disaster. Associated hazards of fire and flooding are
particularly in need of immediate attention after an earthquake. While
some level of preparedness planning for emergency exists in most communi-
ties, present levels of preparedness fail to provide for all eventualities
of an earthquake disaster. In most areas subject to large earthquakes
there is a lack of detailed information on which to base viable contingency
planning. Information about special physical problems such as gas and
water lines rupture and vulnerability of communications and health ser-
vices needs to be detailed. Planning should take better account of the
implications inherent in the failure of vital 1life lines and inaccessible
services due to earthquake damage. The NOAA/FDAA studies of Los Angeles
and San Francisco which identified patterns and extent of earthquake
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losses in relation to emergency response are exemplary models, and they
are being followed in Salt Lake/Ogden and Seattle/Tacoma. Other communi-
ties subject to large and compound earthquake disasters should be provided
with similar analytic information.

Furthermore, there is evidence that these studies provide impetus,
by their conduct and publication, for hazard reduction actions taken by
private sector decision makers. Identification of hazard producing dams
which are particularly vulnerable to earthquake damage is a study com-
ponent. Acting independently, and at considerable expense, the East Bay
Municipal Utility District immediately undertook corrective action for
those dams under their jurisdiction which were identified in the study.
Other dam operators have not been so responsive to the new information,
but this is a good example that some hazard reduction measures will be
undertaken once hazardous facilities and high risk areas are identified.

Pre-event preparation for reconstruction

Pre-event planning for post event reconstruction as an idea is rela-
tively new. In practice, it is non-existent. From a study of disaster
reconstruction issues Kates concluded that the reconstruction process is
ordered, knowable and predictable.

"The central issues and decisions (involved in the reconstruction
process) are value choices that give varying emphasis to the easy return
to normalcy, to the reduction of future vulnerability, or to opportunities
for improved efficiency, equity, or amenity. Over ambitious postconstruc-
tion planning to reduce future vulnerability or improve efficiency or
amenity appears to be counter-productive. And the major opportunities to
improve the reconstruction process lie in three areas: the early recogni-
tion of certain overlooked problems, people, functions and areas; the re-
duction of uncertainty about the future for those who live and work in the
city; and the preparation for reconstruction before the disaster comes' (9).

Kates is quick to point out that, he is not calling for elaborate and
formal studies, plans and designs put forth by professionals. Experience
shows that elaborate and inflexible community plans are, most often aban-
doned for a host of reasons. Pre-event planning for post disaster recon-
struction is a call for recognizing explicitly factors that are now im-
plicit. There is already a plan for reconstruction -- it is the on-going
plan of the pre-disaster city. Predisaster inventories and catalogs of
current processes and resources plus provision for moratoriums and organi-
zational aids should be instituted prior to disaster to help limit the
extraordinary influence of entrepreneurial interests which often prevail
during reconstruction.

Sole solutions are inadequate

The idea of comprehensive managment of earthquake prone areas in the
United States is not new. The idea developed from research investigations
that postulate and demonstrate the inadequacies of exclusive reliance on
a limited range of adjustments designed to curb the effects of moderate
earthquakes in areas prone to earthquakes of relatively frequent moderate
events (1), (2), (6), (7), (14).
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The occurrence of a large earthquake will emphasize conclusions
which already are apparent: that earthquake prediction and warning
proficiency will not alone prevent catastrophe; that slowness to plan
with land use will build up the catastrophe potential; that reliance upon
a few technological improvements such as earthquake resistance in buildings
will not avert broader disaster; that sustained local awareness and respons-
ibility are essential to prevent incompatible encroachment of vulnerable
zones; that provision must be made to deal in an integrated fashion with
earthquakes of moderate size as well as with large events (4).

Factors affecting the mix of adjustments

Burton, et. al. identified four overriding factors which affect the
selection of adjustments and adjustment combinations for reducing hazard
problems. The factors are: some characteristics of extreme events; ex-
perience with extreme events and adjustment success; intensity of resource
use of the area at risk; and the level of material wealth attained by the
decision making entity (2). The direction of the relationships of these
factors to human response to hazards does not bode well for the success
of comprehensive earthquake hazard reduction programs in the areas of
highest damage potential in the U.S.

Earthquakes are characterized as very intensive on an intensive-
pervasive scale of hazard characteristics. Drought, for instance is
highly pervasive. According to Burton, et. al., an intensive event is
readily forgotten and if there is a long time between events, permanent
shifts in adjustment patterns is unlikely.

Shifts in adjustment use have almost always come in the immediate
aftermath of a disaster. If the event size and frequency of occurrence
to which adjustment levels are desired are also very rare events, then
the opportunity to shift adjustment trends is also rare. Earthquakes of
large magnitude, which are the source of great catastrophes, are extremely
rare events.

Areas in which intensive use of capital and labor is in effect, such
as urban centers, are more likely to employ hazard reduction measures than
areas not so intensively used. However, areas of intensive resource use
are slower to change use or location as the means of adjustment.

Wealthy societies seem to tolerate recurrent disasters for a longer
period prior to actively reducing the hazards. Whereas, poorer societies
have less tolerance for the impact of even small disasters. When these
societies do act the poorer tend to reduce hazards through migration
while wealthier nations reduce hazards through other means.

Given these constraining factors, prosperous, urban centers -- the
areas of greatest earthquake hazard potential -- are unlikely to choose
by themselves to reduce hazards through shifts in land uses or changes in
location. More detailed specification of risk may alter these patterns.
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MICROZONATION AND ADJUSTMENT CHOICE

Microzonation could provide information to stimulate the beneficial
use of hazard reduction adjustments. The information provided in a given
study will depend on the use to which the study is to be put. Narrowly
defined utility will yield narrowly scoped studies. The Proceedings of
the International Conference on Microzonation for Safer Construction
Research and Application defined microzonation in fairly narrow terms.

Microzonation was referred to as zoning for potential earthquake
effects in detail on a local geographic level. This rather broad defi-
nition of what information could be included was conceived as useful only
to structural architects.

Microzonation was conceived as a guide to architects to avoid over
or under design of earthquake resistant structures in hazardous region.
The users of this information are the architect and building inspector
who set and meet design criteria for new structures. The utility of this
conceptualization is limited to encouraging one adjustment; that of
earthquake-resistant design and, if implemented, earthquake-resistant con-
struction. This use of microzonation assumes that the building of such
structures in hazardous areas is desirable. In six short years, an ex-
panded conception of the utility of microzone studies is already con-
ventional.

One invited paper uses a substantially broader concept of microzona-
tion utility:

"The aim of microzonation is to estimate the location, recurrence
interval, and relative severity of future seismic events in a local area
so the potential hazards can be assessed and the effects can be mitigated
or avoided" (3).

Armed with this concept of microzonation, comprehensive programs for
earthquake hazard reduction in local areas could proceed to be designed
and implemented. Accurate and interdisciplinary delineation of differ-
ential risk areas within a local jurisdiction can be used to stimulate the
use of an appropriate mix of adjustments. Such studies have the potential
to:

1. enhance design and application of practicable land use
subdivisions and zoning programs;

2. enhance regional application of appropriate building design
and practice;

3. enhance public awareness of risks from geologic hazards;
4. enhance emergency response planning;

5. enhance planning for compatible reconstruction after an
event; and
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6. enhance socially appropriate responses to earthquake
warnings.

With the advent of the Earthquake Hazards Reduction Act of 1977, and
the thoughtful development of a plan for implementing the law's provisions
(see 15), comprehensive earthquake hazards management is in prospect. The
plan emphasizes the need for balance in the use of hazard adjustments at
the local level of planning and provides possible assistance to state and
local governments for achieving a reduction of earthquake hazards. 1In
order to design comprehensive programs, comprehensive risk information
should be forthcoming.

Microzone studies have a tremendous potential contribution to make to
planning efforts made by public and private managers to reduce earthquake
hazards. In order to make the contribution, many obstacles must be over-
come. Some of the more obvious next steps are:

1. A thoughtful specification of the elements comprising ideal micre-
zonation is needed. For microzonation to be most useful to local decision
makers the information needs to go beyond delineating soil and foundation
data. Maps may include judgments about especially vulnerable segments of
population, secondary hazard potential (fire), and especially hazardous
facilities, including structures. More detailed information may better
illustrate mitigation decision priorities to local decision makers. More
detailed information may better illustrate needs for coordinating earth-
quake mitigation programs with other hazard mitigation programs such as
those of the California Coastal Zone Commissions, the National Flood
Insurance Program,and the National Environmental Protection Agency. New
programs may be instituted at the Federal level for hazardous land acqui-
sition or subsidized earthquake insurance. Ongoing microzonation efforts
will allow communities a basis for informed participation.

2. Formal criteria are needed to determine the priority areas for
microzoning earthquake effects. Earlier candidates for microzonation
may be those places where growth has yet to occur rather than areas where
population density is high. Preventing incompatible development is
cheaper than correcting existing facilities.

3. The Alquist-Priolo Studies Zones Act of 1972 (as amended) provides
the foundation from which a building block program of microzonation needs
to be developed. Ultimately, local decision makers need more detailed
information than currently provided, with which to make more comprehen-
sive land use decisions for earthquake and other hazard mitigation efforts.
If the new provision of information to local areas (under Alquist-Priolo)
is not soon accompanied by more detailed information, the current law
could act as a deterrent to more comprehensive decision making. From the
National Flood Insurance Program experience we have learned that too
little information and regulation may be worse in the long run than no
information or regulation at all (10).
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CONCLUSION

Programs and information bases which stimulate use of a locally appropri-
ate mix of adjustments to reduce earthquake risks are urgent needs in hazard
mitigation planning. We have reviewed the experience with current solutions
to emphasize two points. First, some of the efforts we have made and are
about to make have the potential to make the hazard greater. Second, risk
assessments which include estimates from each category of hazard effects will
provide a better basis for comprehensive hazard reduction programs. An
implication of these points is that we must sustain our new efforts to work
together in providing integrated evaluations of hazard causes and in design-
ing integrated solutions for hazard reduction. Further, we must broaden
our vision of participation to include elected officials, private sector
managers and representatives of interested publics. For even if we ulti-
mately achieve our idealized goal of providing perfect risk information
it is not us who will be burdened with effective implementation of hazard
reduction; it is they who must ultimately perform.
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URBAN DESIGN AND EARTHQUAKES

by

H. J. LagorioI, and E. BotsaiII

ABSTRACT

Despite many technological advances in earthquake engineering and
prediction, major U.S. cities remain vulnerable to major seismic events.
Since the 1906 San Francisco earthquake, it is fortunate that a major U.S.
metropolitan center has not been hit directly by a severe earthquake or
even a moderate one.

In the U.S., an early beneficiary of the industrial revolution,
large-scale urbanization began in the latter half of the 19th Century.
Risk to populations exposed to earthquake is most critical for those living
in highly congested urban centers in contrast to those in the suburbs.
Because of rapid urbanization and the continued development in existing,
well-established urban concentrations, recurrence of a major earthquake
would result in much greater damage and 1ife loss than ever before.

Urban Design as an emerging field of Architecture is identified with
the rapid urbanization of the Tast three decades. Assessment of the physi-
cal growth of cities indicates that potential urban design principles in
hazards mitigation are overlooked or that some consequences of urban design
decisions are not foreseen due to the complexity of required interdependent
activities, services, and functions.

INTRODUCTION

In the United States, as well as in other highly developed countries
which were early beneficiaries of the industrial revolution, large scale
urbanization began in the latter half of the 19th Century. Since then
there has been a steady migration from rural areas to urban centers -- from
the countryside to towns and cities. 1In the past few decades the number of
urban places is still increasing with most of the population growth taking
place in existing, well-established urban concentrations. It has been
predicted that by the year 1990, more than half the world's people will be
living in cities with a population of 100,000 or more.

Professor of Architecture, Department of Architecture, University
of Hawaii, Manoa Campus, Honolulu, Hawaii.
1 President of the American Institute of Architects, Washington,
D.C., and Chairman, Department of Architecture, University of
Hawaii, Manoa Campus, Honolulu, Hawaii.



194

It is clear that the risks of natural environmental hazards are most
critical for that population 1living in highly congested urban concentrations
in contrast to those in the suburbs. Regarding this high risk exposure,

the San Fernando earthquake in 1971 is noteworthy because of what might

have happened had it occurred at the center instead of the edge of the Los
Angeles metropolitan area, or if the Van Norman dam had collapsed completely
without prior evacuation of the 70,000 downstream population.

Records of testimony given by expert witnesses during U.S. Senate
hearings on "Governmental Response to the California Earthquake Disaster of
1971" clearly indicate that the increasing growth of population density in
our cities is creating problems whereby a very localized earthquake in an
urban setting can cause a major catastrophe such as was not possible some
years ago. The pressures of population growth in the urbanization of our
country are causing expansion into areas which are more difficult to develop
safely than those of past decades.

VULNERABILITY OF URBAN CENTERS

The urban environment is a complex and closely knit fabric composed of
many interdependent activities, services, functions, life systems and
facilities. Due to this interdependency, the failure of any singie com-
ponent can severely affect the functioning of others. The recent "brown
out" experienced in New York City with the failure of one public utility
company's capacity to supply power is but one example of how one element of
any interdependent 1ife system can become compounded into a full crisis and
result in total "collapse" of the function and integrity of a metropolitan
center,

While much research has focused on the separate, individual elements
of the urban environment, such as independent studies on: a) Life Lines,
b) Building Design, ¢) Land Use, d) Contingency Planning, e) Public Policy,
and f) Post-earthquake Recovery Programs, 1ittle or no work to date has
been done in approaching the problem from a balanced urban design focus to
mitigate the earthquake vulnerability of large metropolitan areas. The
United States has been most fortunate that since the San Francisco earth-
quake in 1906, no major metropolitan center has been centrally impacted by
a severe earthquake. Many authorities on the subject believe that such a
seismic event is long overdue and that several of our major cities represent
"catastrophies awaiting to occur". It is evident that almost all of our
large urban centers located in areas of high seismicity are not prepared
for such an event.

Table I is a selected and brief 1isting of some of the major American
metropolitan centers located in zones subject to moderate or severe earth-
quake activity, being located in Seismic Zones 2, 3, or 4 as designated by
the Uniform Building Code (UBC), 1976 Edition. Not listed in the table are
other major cities like Chicago, Cleveland, or Detroit which, although not
Tocated in critical seismic zones, will none-the-less be affected by "long
period" damage patterns resulting from the occurrence of major seismic
events in other highly active seismic areas miles distant. Also not Tisted
are those major coastal cities located in lesser earthquake prone areas but
still vulnerable to tsunami damage caused by earthquakes originating thou-
sands of miles away.



195

TABLE I
SEISMIC ZONE LOCATION OF SELECTED U.S. METROPOLITAN STATISTICAL AREAS

Potential
Total

Seismic Zone Population

Name of Area: 1976 - UBC at Risk
Anchorage, Alaska 4 166,000
Los Angeles, California 4 8,960,000
San Francisco, California 4 4,450,000
Boston, Massachusetts 3 3,795,000
Charleston, S. Carolina 3 296,000
Salt Lake City, Utah 3 561,000
Seattle-Tacoma, Washington 3 1,788,000
San Diego, California 3 1,355,000
Atlanta, Georgia 2 1,780,000
Cincinnati, Ohio 2 1,162,000
St. Louis, Missouri 2 1,747,000

SOURCE: (a) 1977 Commercial Atlas & Marketing Guide
Rand McNally & Company

(b) UBC, 1976 Edition
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As can be seen from Table 1, the population at risk in the metropolitan
areas indicated is very high when dealing with major urban developments.
Recent earthquake studies completed by NOAA and USGS reveal that the
potential recurrence of a severe earthquake in a selected high density
urban area would result in a major disaster with staggering casualties and
high death ratios. Table 2 1ists the damage and life safety implications
of these studies in the urban centers selected for analysis. It is signi-
ficant to note in Table 2 that a recurrence of the 1906 San Francisco
earthquake today would result in over 10,000 deaths and 40,000 hospitalized
injuries (not counting the possibility of dam failure in the study areas).
The dollar Toss in terms of repair costs to single family wood frame dwell-
ings alone would approach $1,240,000,000. In contrast, documented statis-
tics of the actual San Francisco earthquake in 1906 indicate that there
were only 700 deaths and a total dollar loss at that time of $524,000,000
caused by the original event and fire.

CHARACTERISTICS OF URBAN DESIGN

The evolution of urban design as an emerging field and a recently
recognized professional discipline within architecture has been identified
with the rapid urban development which took place during the early 1940's
through the late 1950's. In the mid-1960's, an assessment and evaluation
of the physical results of this growth indicated that many fundamental
design approaches were overlooked or that the critical consequences of some
design decisions were not foreseen due, in part, to the fact that the urban
environment is a complex and tightly knit fabric composed of many inter-
dependent activities, services, and facilities. As indicated previously,
due to its complexity, the failure of any of its components can severely
affect the functioning of others. Consequently, urban designers are becom-
ing sensitive to the fact that their decisions must be developed from a
balanced and holistic program to include the design professions, social and
economic concerns, and public policy when dealing with the intricate rela-
tionships found in metropolitan areas.

As a profession, urban design focuses on the three-dimensional physical
planning and design of the urban environment. Although overlap exists in
many areas, it is a field distinct from other disciplines normally associ-
ated with city and regional planning issues and the public policy aspects
of cities as applied through local, regional and Federal government interven-
tion. The fundamental objective of urban design is to synthesize and
develop three-dimensional solutions to:

1. The physical, spatial arrangement of all urban activities includ-
ing their nature, location, type, scale, density, and circulation
patterns.

2. The physical three-dimensional form of urban activities through
the interaction of design determinants with climate, topography,
natural hazards, and other environmental relationships.
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TABLE 2

E.Q. VULNERABILITY OF SELECTED U.S. URBAN AREAS

Metropolitan Area

San Francisco, California
Los Angeles, California
Salt Lake City, Utah

Seattle/Tacoma, Washington

* NOTE: Excluding dam failure

SOURCE: USGS & NOAA Reports: 1972,
a) A Study of Earthquake

b) A Study of Earthquake
Area.

c) A Study of Earthquake
Area.

d) A Study of Earthquake

Injuries* Deaths* Homeless*
40,000 10,000 58,000
75,200 18,800 140,000

9,200 2,300 29,600
28,000 7,000 45,000

1973, 1975, 1976.

Losses in the San Francisco Bay Area.

Losses in the Los Angeles, California

Losses in the Puget Sound, Washington

Losses in the Salt Lake City, Utah Area.
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3. The physical organization of urban linkages relating to community
and social requirements exemplified by buildings, transportation
systems, communication networks, redevelopment, energy utiliza-
tion, land-use, and local government programs.

4. The quality of urban living which recognizes and measures the
positive attributes of physical development in terms of public
health and 1ife safety.

The urban designer must not only be skilled in the design process and
three-dimensional physical planning, but must also have extensive knowledge
of the city's broad planning goals and implementation processes as they
relate to the dynamic nature of urban growth and decay. The social, cul-
tural needs of people as well as the physical, economic foundations of the
community must be understood and considered as part of the design profes-
sional's responsibility in maintaining the quality of 1life in our cities.

URBAN DESIGN AND SEISMIC SAFETY

Government, private enterprise and local communities have responded or
adapted in a variety of ways to the problems induced by earthquakes. Their
level of preparedness and ability to address hazard reduction programs vary
to considerable degrees. Some communities ignore the potential risk of
earthquakes; others might be unable to apply known information to effective
policy and program implementation; others might have changed city management
and building practices to mitigate earthquake hazards.

Physical urban design characteristics of cities should be assessed and
reviewed considering the potential danger of earthquakes. Local ordinances,
internal city structure, city 1ifelines, activity location, infrastructure
design, land utilization, urban form, building codes and typologies, con-
struction materials and practices, real estate financing and insurance can.
be orchestrated to increase a community 's resilience to such disasterous
natural events. Urban design and planning policies for emergency and
preparedness programs can minimize catastrophies; post-earthquake planning
programs for reclamation, resiting, redeveloping and resettling can accel-
erate the recovery phase of a community and point it in the proper direction.

Significant interactions exist between urban design concerns and the
vulnerability of cities to earthquakes and post-earthquake recovery. Two
examples on record, among others, may be cited as follows:

Example 1:

The dependence of a major city on the continued functioning of its
transportation system, freeways and highways, as a component of life
1ine considerations came into sharp focus as a result of the 1971 San
Fernando earthquake. A total of 58 State highway bridges were damaged
and, of these, 7 either collapsed or were demolished according to a
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report prepared by the State Division of Highways. Large sections of
Interstate 5, the San Diego Golden State Freeway, were closed to
traffic which had to be rerouted through local streets. Accordingly,
important sections of the north-south transportation systems of the
Los Angeles metropolitan area were severely crippled and removed from
significant participation in post-earthquake recovery. If the situa-
tion had become further complicated by the collapse of the Van Norman
dam, critical failure of the entire urban system to respond to the
disaster was prognosticated.

Example 2:

Conflagration due to fire following earthquake is one of the most
dreaded hazards facing our urban centers. In the 1972 Managua,
Nicaragua, earthquake large areas damaged by the earthquake were later
completely razed by the fire which followed. The fact that the fire
remained unchecked and resulted in conflagration was due, in major
part, to the fact that failures occurred in: (a) the water supply
system when two major 24-inch lines were severed by ground breaks and
pumping stations blocked by landslides; and (b) the inability of the
Fire Department to respond to the emergency when two major fire sta-
tions, including the headquarters building, suffered major damage and
most of the fire fighting equipment was trapped under the rubble.
These two isolated events had drastic consequences for the entire
urban fabric of Managua. Fires broke out in four or five places
within a very short period after the earthquake, and within two days
fires were burning in all parts of the city.

These two exmples, and many others not cited indicate that the combina-
tion of two or more isolated but closely inter-related events, is the crux
of the problem. Accordingly, it is an urban design problem and not solely
an earthquake engineering or earthquake prediction one. It is not enough
to attempt to mitigate the problem by strengthening isolated buildings or
unilaterally legislating public policy, but rather it is appropriate that
by working in a multidisciplinary manner, a range of urban design skills
can be the integrating factor in reducing risks assumed by our metropolitan
centers. Urban design requires a holistic, balanced approach to the problem
through joint cooperative efforts by the design professions and local
government in order to develop and implement a coordinated effort in earth-
quake hazards reduction programs. At the moment, many urban areas are
subject to recurrent earthquake related hazards; others, in the future,
will suffer even greater the brunt of these natural disasters because more
people and facilities are being concentrated in vulnerable areas.

Patterns of urban location, expansion, form, structure and management
must be considered against the natural phenomena related to earthquake
events and classified to include ground shaking, ground displacement along
fault traces, structurally poor ground, landslides, soil-structure inter-
action and water inundation by earthquake-generated waves or dam failures.
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APPLICABILITY OF MICROZONATION TO URBAN DESIGN

Microzonation techniques represent a potentially important tool for
the design professional seeking physical solutions to the earthquake hazards
vulnerability of cities from an urban design focus. Microzonation maps can
serve as one of the initial "check points", among others, in the general,
overall configuration or redevelopment of metropolitan areas and the corres-
ponding location of life line systems. Such maps of cities have the poten-
tial of providing essential preliminary information which the urban designer
should consult prior to presenting alternative three-dimensional solutions
for consideration by governing bodies in coordination with codes and ordi-
nances. It is essential therefore that these maps be prepared from a
common base by utilizing similar techniques and the same technical language
in order to allow uniform interpretation on a nation-wide basis. Only in
this way would it be possible to analyze alternatives as to their effective-
ness, cost-benefits, political feasibility and management efficiencies.

A hypothesis which must be explored is that urban design concerns in
earthquake hazards reduction programs can lead to the different location,
design, configuration, planning and management of cities than currently
practiced. On a long term basis, urban design practices coordinated with
microzonation techniques could provide the basis for targeting redevelopment
areas in metropolitan centers which are vulnerable to potentially damaging
earthquakes.

Most city planning provisions and building ordinances throughout the
nation normally do not take into account the possibility of surface faulting
due to earthquake. In recent times, responsible design professionals and
practitioners have been known to sometimes persuade clients to consider
alternative sites only to have the faulty site developed by others who may
have been uninformed of the hazard. Currently only the State of California
has a fault-zone hazards ordinance in effect which mandates cities to take
fault-line hazards into account before site development begins. In other
major cities outside of California, it is entirely conceivable that major
structures will continue to be constructed in fault zones. Even in Cali-
fornia some major facilities, such as general hospitals and portions of the
San Francisco Bay Area Rapid Transit System (BART), prior to enactment of
the Alquist-Priolo Fault-Zoning Hazards Act of 1974, were located across
known fault zones without having taken special precautions. In all prob-
ability the pressures of urban growth, economic expediency and increased
population needs were responsible for such design decisions at the time.
Certainly there is Tless chance by far that such questionable design proce-
dures are found in sparsely settled rural areas where urban design is not a
critical issue at the moment in terms of earthquake vulnerability. Accord-
ingly, due to public risk involved, an emphasis might be placed on urban
design and its potential role in earthquake hazards reduction by using
microzonation techniques as a starting point.

SUMMARY AND CONCLUSION

In terms of earthquake disaster mitigation, urban design represents a
new, emerging field which has been underutilized as a profession. Its role
and usefulness in earthquake hazards reduction programs should be reviewed
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and assessed as a potential tool in devising an integrated design approach
to the problem. As a discipline, it involves a multidisciplinary, team
approach to problem solving relative to the physical three-dimensional
design of major urban centers. Proper utilization of urban design princi-
ples could have significant potential for application to seismic safety
concerns and goals.

Microzonation techniques should enable urban designers, representing
a specific sector of the design professions, to improve the manner in which
they give consideration to earthquake hazards reduction measures. This
activity should help both governmental and private sector agencies plan for
and implement physical design principles in urban development and redevelop-
ment efforts. An integrated, multidisciplinary urban design approach
should also allow public officials an additional method of responding to
earthquake hazards. Such an approach would also be of long-term use to
design professionals as they design new communities and redevelop existing
city centers.

In the planning of new communities and the redevelopment of existing
metropolitan areas, design professionals and public officials should
consider the integration of the urban design process into their planning
and design activities when addressing alternatives directed to the mitiga-
tion of earthquake hazards. Because of the increased risk faced by urban
areas due to population growth, design professionals must embark on a firm
course of earthquake hazards reduction which makes the most effective use
of every tax dollar received. Efficiencies and savings can be maximized by
coordinating efforts in a balanced, multidisciplinary approach to the
seismic safety of cities. Without adequate safety, very little can be said
about the quality of 1ife in those metropolitan areas which are located in
zones of high seismicity.
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EARTHQUAKE INSURANCE AND MICROZONATION

by

Karl V., SteinbruggeI

ABSTRACT

Microzonation applications to earthquake insurance are cost limited
by the size of insurance premiums. High value buildings with high pre-
miums allow a detailed examination of site specific geotechnical infor-
mation. On the other end of the economic scale, low value buildings (such
as wood frame dwellings) have low rates and resulting premiums are low.
It follows, then, that generalized microzonation maps have best utility
for low valued buildings. Experience indicates that effective usage of
generalized microzonation maps comes from maps relating soil characteris-
tics to monetary loss patterns by class of construction material. Apply-
ing microzonation maps showing active faulting to dwellings 1is difficult
for economic reasons while landsliding hagsdifficult technical-economic
problems.

A review of public response to earthquake insurance in geologically
hazardous areas indicates that insurance penalties do not deter the house-
buying or insurance-buying public.

INTRODUCTION

The possible increased use of microzonation techniques by public and
private financial institutions has been of increasing interest to engi-
neers and sclentists. The most obvious point of this interest would seem
to be in its application to earthquake insurance. One purpose of this
paper is to examine some of the economic limitations under which user
institutions operate so that researchers may better understand the appli-
cation of their studies.

Additionally, some public officials have suggested using earthquake
insurance as a vehicle for public policy, namely, as a method for provid-
ing the financial resources necessary for post-earthquake recovery in lieu
of Federal disaster assistance in a form of grants and low cost loans. It
is also frequently held by those interested in land use and earthquake
hazard abatement that differentials in earthquake insurance rates based on
the quality of construction (including earthquake resistive design) should
encourage improvements in new construction. Microzonation is often men-
tioned as being one important step to strengthen incentives for improve-
ments in locations (or land use). A second intent of this paper is to
examine the validity of this public policy approach.

I Manager, Earthquake Department, Pacific Region, Insurance Services
Office, San Francisco, California
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Microzonation has different meanings among members of the research
community and those who apply the results of their research. In this
paper, the definition of microzonation is restricted to mean local maps
which delineate varying degrees of each of three earthquake geologic
hazards with respect to construction: (1) active fault traces, (2) poten-
tial land-slide areas, and (3) structurally poor ground areas such as
marshes. Resulting damage patterns are normally determined by others,
doing so on an individual building analysis basis or on a building materi-
als class basis. Seismicity (frequency of occurrence) is considered on a
different map or set of maps. The two kinds of maps (geologic hazards
and seismicity) complement each other and must be used together.

Recently an examination of the overall scope of insurance and other
financial problems was conducted by a committee under the Office of
Science and Technology Policy, Executive Office of the President (Stein-
brugge, chairman, 1978), henceforth cited as the "OSTP Issues' report.
Among other findings, this study concluded that except for earthquake
insurance, little is known of the possible impacts on public and private
financial institutions if an earthquake were to destroy property worth 25
to 100 billion dollars. Considering the order of magnitude of potential
monetary losses should earthquake insurance be mandated, it is quite
appropriate to examine the roles of microzonation in controlling these
losses.

ENGINEERING/SCIENCE COMPONENTS OF EARTHQUAKE INSURANCE

An understanding of the engineering and science components of earth-
quake insurance rating is necessary in order to perceive the role of
microzonation. It must be remembered that building owners pay for the
costs of engineering and science via earthquake insurance premiums, and
these premiums must include costs such as those for imspection, engineer-
ing analysis, plus taxes and other costs of doing business.

Two fundamental components determine the basic rate for an individu-
al building (or "risk" in insurance terminology). First, the building's
probable monetary loss must be determined for a maximum probable earth-
quake using a given recurrence interval (often 300 years). Second, the
seismicity of the area must be reflected in the insurance rate. The
resulting basic rate may be modified by many factors, including geologic
factors, hazardous roof appendages, exposure hazards from adjoining
structures, unrepaired previous earthquake damage, and the like.

The first rating component (probable damage) may be based on a build-
ing classification system determined by either (1) materials of construc-
tion or by (2) the extent and adequacy of its damage control features.
More often than not, economics dictate that the first of these two methods
be applied to older non-earthquake resistive buildings of any value as
well as modern low-value buildings. Moderate and high-value earthquake
resistive buildings may warrant significant engineering attention, con-
sistent with the economic caveat that these engineering expenses must be
reasonable with respect to the premiums or justified by rate reductions
based on this engineering attention. One major building classification
and rating system is the '"Commercial Earthquake Insurance Manual' issued
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by the Insurance Services Office. Table 1 is a simplification of this
manual and is applicable in San Francisco and Los Angeles to buildings
insured to their full value. It will be noted that the lowest rates apply
to wood frame construction which is normally associated with lowest value
structures (specifically, dwellings, which will receive emphasis in a
following section).

MICROZONATION APPLICATION IN INSURANCE
General Considerations:

Earthquake premiums from a high valued building (such as a high-rise)
normally warrant an engineering review of construction drawings and geo-
technical reports which, for modern buildings, should consider the factors
included on microzonation maps. On the other end of the building value
scale, geotechnical reports rarely exist on individual single-family wood
frame dwellings, although they do exist for many modern housing sub-
divisions in Californla. However, their availability through the home-
owner and insurance agent is usually another question. Nevertheless,
microzonation maps of cities and other jurisdictions are important for the
evaluation of low value structures. As a result, in the balance of this
paper, emphasis is given to wood frame dwelling earthquake insurance.

From an equity standpoint, it is imperative that insurance rating
methods be fair and be uniformly applied. This means that criteria for
the preparation of microzonation maps must be such that all independent
investigators will develop essentially the same results from the same
source data. This is hardly true for the more complicated types of micro-
zonation maps developed by some investigators. One should also bear in
mind that the insurance user of these maps normally does not have a pro-
fessional background; alternatively, others must be able to adapt these
maps for use by non-professionals on some consistent and economical basis.

Structurally Poor Ground:

Insurance oriented microzonation maps of metropolitan areas in
California and a few areas elsewhere have existed for many years. This
kind of map, which is associated with intensified damage for a variety of
reasons, exlsts where property values are high and substantial amounts of
earthquake insurance are written. One basis for these maps is discussed
by Steinbrugge (1969) and in the companion papers. The further applica-
tion of various kinds of insurance microzonation maps showing structur-
ally poor ground awaits the development and general acceptance of consist-
ent mapping criteria.

Additionally, it may be some time before certain special microzona-
tion problems have generally accepted solutions. Significant special
problem areas have been identified in Santa Rosa, California from damage
patterns observed after the 1906 and 1969 earthquakes, in Caracas after
the 1967 earthquake, and in San Fernando after the 1971 earthquake. While
some explanations have been published, there appear to be no generally
accepted mapping criteria to identify and map similar areas elsewhere.
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Geologically Active Faults:

In California, microzonation maps show certain active faults within
well-defined "special studies zones." These maps, required by California's
Alquist-Priolo Act, are prepared by the California Division of Mines and
Geology and are available to the public.

Despite the substantial amounts of public attention given to faults,
the amount of potential destruction to buildings from surface faulting is
comparatively small., As shown in Table 2, Algermissen (1972) determined
the number of wood frame dwellings in the metropolitan San Francisco area
subjected to possible damage from vibration and from surface faulting in
the event of a recurrence of the 1906 earthquake on the San Andreas fault
and also from a magnitude 7.0 earthquake on the Hayward fault.

TABLE 2

DWELLINGS SUBJECTED TO VIBRATION AND TO FAULTING
SAN FRANCISCO BAY AREA

*Dwellings **Dwellings on
at Risk or Near Fault Trace
San Andreas Fault:
Recurrence of 1906 1,203,121 237
Hayward Fault:
M=17.0 1,203,121 1,138

*Limited to-a study area consisting of the 10 San
Francisco Bay Area Counties.
**%Dwellings within 50 meters of the fault. Hayward
fault figure proportionally adjusted from 300
meter zone to 50 meter zone.

Table 2 shows that the probability of a dwelling being in the 50 meter
fault zone was about 1:1000 along the Hayward fault and about 1:5000
along the San Andreas fault. However, based on experience from previous
strike-slip fault movements, the damage probabilities would appear to be
even more remote than the ratios suggest.

As a result, most insurance companies do not find it economically
feasible to locate dwellings to be insured with respect to active faults,
and fault proximity is not a component of the rate making process. There-
fore, the excellent Alquist-Priolo maps have negligible insurance impact
on low value structures. The opposite, of course, is true for large
value risks such as major hospitals or high value electronic plants where
underwriting practices can determine and use the facts.
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Landsliding (Earthquake Induced):

Landslide microzonation maps have been difficult to interpret and
apply on an equitable and consistent basis by non-professional personnel.
Consider, for example, a map showing existing landslides in an area before
development begins. Is one to assume that all new construction will
include provisions which will correct existing landslide conditions accord-
ing to best practice as required by law (building code)? 1If not, then how
can an insurance rate be made without evaluating a soll report, and how
can this be economically done? Does an old landslide now represent a
stable condition, or is it a most likely candiuate for further movement?
Or will the next movement take place at a location between two recent
landslides? What about hillside construction which is 10, 20, or 30 years
0ld?

It would seem that substantial amounts of study are needed, including
clarification of criteria, before landslide hazard maps will have their
rightful place in microzonation use by financial institutionms.

EARTHQUAKE INSURANCE IN CALIFORNIA

Earthquake insurance has been marketed by American insurance com-
panies since at least 1916. However, it has never been widely purchased,
being an estimated 7% of dwellings carrying fire insurance in metropoli-
tan San Francisco and Los Angeles. 1In spite of the availability of the
coverage, aggregaté premiums in California in 1977 were only $19,759,536
for all coverages identifiable as earthquake on all classifications of
property including habitational.

For example, insurance rates for single-~family, wood frame homes in
coastal California (San Francisco, Lps Angeles, San Diego, etc.) average
$2.00 per 81,000 insurance, with a 5 percent deductible. However, prob-
ably less than 5 percent of California homeowners currently have earth-
quake coverage. Promotional campaigns by companies after the 1971 San
Fernando earthquake had not noticeable effect. Residents in other earth-
quake-prone areas of the United States have shown even less interest. The
5 percent deductible is often blamed as a deterrent to the purchase of
dwelling earthquake insurance; however, many who do so are not familar
with catastrophe insurance and the relation between deductibles and rates.
On the other hand, Kunreuther, et al (1978) concluded: "It seems likely
that, unless the hazard appears probable, it will not be viewed as a
problem and the individual will not consider protective measures such as
insurance" (p. 243).

On the other hand, the size of the potential dwelling losses are very
large. For example, Rinehart, et al (1976) showed potential losses to
wood frame dwellings from "a maximum credible earthquake' to be:

1. San Andreas fault - San Francisco Bay Area: $2.2 billion.

2. Newport-Inglewood fault - Los Angeles Basin: $4.0 billion.

At 1978 prices, these would amount to 4.1 and 7.5 billion dollars, respec-
tively.
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ECONOMIC CONSIDERATIONS
Homeowner Viewpoint:

Apart from psychological reasons (Kunreuther, 1978), economic con-
siderations should influence an individual's decision on purchasing earth-
quake insurance. A uniform 25% rate penalty for structurally poor ground
is applied to all non-dwelling properties in mapped areas; let us examine
its comparative economic impact if it is also applied to dwellings.

Table 3 may give an insight into this viewpoint. Loan data in this
table are based on information furnished by major mortgage organizations
and these data apply to single-family wood frame dwellings in the San
Francisco Bay Area. A 25% rate penalty for structurally poor ground has
been separately listed and brings the total earthquake premium to $12.50
monthly. Fire insurance premiums and property taxes have not been
included. While the mortgage in the example is $60,000, the sale price
of the land and improvements would be $75,000 (with a 20% down payment) .
Experience has shown that a home buyer or developer is not greatly swayed
by a $10 monthly increase in payments. (The change of 0.25% in the mort-
gage interest rate from 1976 to 1977 was of a greater dollar amount than
the earthquake insurance premium. Housing sales were not significantly
affected by this change in interest rates.) Undoubtedly, a $2.50 further
increase based on adverse microzonation information would have even
lesser effect.

TABLE 3

COMPARISON OF
MORTGAGE AND EARTHQUAKE INSURANCE PAYMENTS
SAN FRANCISCO BAY AREA

Year
1976 1977 1978
Mortgage:
30 year, $60,000 mortgage, 20% down payment*
Mortgage interest rate 8 3/4% 9% 10%
Monthly payment (interest plus principal) $472.03 $482.78 $526.55

Earthquake Insurance:
Monthly "Homeowners Policy'" earthquake premium** $§ 10.00 $ 10.00 $ 10.00
Increased monthly earthquake premium

for structurally poor ground $§ 2.50 $ 2.50 § 2.50

*Land at 30%Z of land plus improvement (Bay Area average in 1978)

**Based on amount of mortgage at its inception. 5% deductible
applies. Rate 1is $2.00 per $1,000.
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One recent private study conducted by the author on the geographic
distribution of almost one billion dollars in earthquake dwelling insur-
ance showed:

Homeowner Earthquake Policies
Area to Total Homeowner Policies

San Francisco Bay Area 7:100

Waterfront housing in
San Mateo County 2] to 32:100

It appears that homeowners may be aware of their geologic hazards on the
San Mateo waterfront and be willing to pay for added insurance in their
highly publicized hazard area. But they are not discouraged from living
there. Quadrupling this geologic hazard penalty to $10 per month probably
would not discourage a sailing enthusilast from wanting to anchor his boat
at his backyard.

What if "in the interest of improved construction and land-use
practices,” the rate penalties were increased solely on the basis of
public policy? There currently is a general public feeling that "insurance
rates are too high," although the Federal Insurance Administrator's Office
once declared that dwelling earthquake insurance rates were fair and
equitable. Whether the public's view is correct or not, it is hardly
likely that state insurance regulators would press for a major rate
increase in order to ilmprove land~-use and construction practices.

One may conclude from the foregoing that economic incentives through
present rate penalties are not an effective means to influence most home-
owners or builders.

Our findings can be contrasted with the situation in the National
Flood Insurance Program where there is a much greater rate variation
reflecting risk. For instance, the rate for a one-to-four family no-
basement residential structure in any zone is one cent when the first
floor is five feet above the base flood elevation. The rate for the same
structure if it were located in flood zone Al5 to Al7 with its first floor
eight feet below the elevation of the base flood would be $2.67. The
resulting premium range for the example in Table 3 would be $6.00 to
$1,602.00. It should be added that the flood insurance program is under
Federal Government operation.

This is not the case for dwelling earthquake insurance, and improved
construction and land use must rely principally on local regulations.
Such local regulation, however, presents the opportunity for effectrive
utilization of microzonation techniques and maps.
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Insurance Company Viewpoint:

An insurance company must pragmatically examine the cost of a micro-
zonation program in the processing of dwelling policies which include
earthquake coverage against the avallable additional premiums generated
by the program. If a microzonation program were introduced into a
company's procedure, it would be necessary to apply it nationwide to all
dwelling property on which earthquake is written to avoid the charge of
unfair discrimination.

Experience data do not exist on premium income vs. costs for micro-
zonation, but a hypothetical case will give indicative answers. It is
reasonable to estimate that perhaps 1 in 50 dwellings in Califormia are
in areas for which a 25% rate surcharge could be made for insurance
microzoned structurally poor ground. Further, assume a statewide average
value for insured dwellings at $50,000. The annual premium increase for
the 25% rate penalty on a $2.00/51,000.00 homeowners/dwelling policy
would be $25.00. Since every policy would have to be reviewed to see if
the rate penalty should be applied, then the $25.00 premium must be spread
over 50 policies, or $0.50 for each policy.

In company operations, premiums for homeowner policies are allocated
on percentages such as the following:

Losses and adjustment expense 65.2%
Production and outside costs 18.5%
Internal expense and inspection costs 10.1%
Federal and state taxes 2.9%
Profit and contingency reserves 3.3%

100.0%

After "Bests Aggregates and Averages, Property-
Casualty, 1977," stock companies, p. 113.

On this basis, 10.1% of the surcharge premium of $25.00, or $2.53, would
be available to pay the cost of the microzonation program for 50 policies,
or 5 cents per policy. This 5 cents can be multiplied by the number of
years that the policy may be renewed without re-examination -- possibly
ten years. Business judgment has indicated that the final result 1is not
economically feasible.

One may conclude that present rate penalties are not economically
feasible under today's marketing conditions. The situation in the event
of mandated dwelling insurance, of course, would require a more thorough
economic examination.
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SUMMARY AND CONCLUSION

Microzonation applications to earthquake insurance are cost limited
by the size of insurance premiums. High value buildings with high pre-
miums allow a detailed examination of site specific geotechnical infor-
mation of buildings constructed in the last several decades.

On the other end of the economic scale, low valued buildings (such as
wood frame dwellings) have low rates (Table 3) and resulting premiums are
quite low. Further, geotechnical information is rarely economically avail-
able for site specific insurance evaluations. It follows, then, that
generalized microzonation maps have theoretically best utility for low
valued buildings. Experience indicates that most effective usage comes
from maps relating soil characteristics to monetary loss patterns by class
of construction material. Applying microzonation maps of active faulting
to dwellings is difficult for economic reasons while landsliding has
difficult technical-economic problems. There are clear needs to improve
microzonation techniques to suit insurance and other financial problems.

Improved construction and land-use practices using earthquake insur-
ance for this means have been suggested by public officials to suit
various public policy viewpoints. A brief examination of homeowner cost
shows that relevant insurance rate differentials have little potential
for economic "clout" on individual homeowners. This would also apply to
the development of housing tracts, because the developer passes insurance
costs to the buyer who, in many cases, is not aware of them.

Microzonation maps are useful to the various branches of the financi-
al sector, but the potential of these maps has not yet been achieved for
various reasons. With respect to earthquake insurance, its use has been
limited by the state-of-the-art of microzonation. In this regard, the
best potential lies in the development of better criteria for relating
ground vibration characteristics to building class, particularly for low
value structures.

Mandation of dwelling insurance requires legislation as well as
changes in public policies and public attitudes. In the event of manda-
tion, microzonation maps will perform a useful economic role due to the
large inventory of dwellings, but would not likely improve hazard miti-
gation practices nor educate the public adequately. Microzonation maps
in hazard mitigation will probably have much greater impact as a part of
the building construction regulatory process, that is, in building codes,
land-~use zoning, and urban redevelopment policies.
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GOVERNMENT RESPONSIBILITY IN MICROZONATION

by

Norton S. Remmer, P.E.I

ABSTRACT

On June 22, 1978, the President of the United States presented to the
Congress a report entitled "A National Earthquake Hazards Reduction Program.'
The program identifies the guidelines, priorities and responsibilities for
the Federal, State and local governments, and private responsibilities. The
significance of the program at this time is that it provides the context and
the basis for determining government responsibility at all levels. It also
reviews technical capabilities and projects future capabilities which will
provide essential elements in any government plan of action. The importance
of regional, local and site seismic hazard characteristics is emphasized in
relation to government land use control programs and specific site evaluation
responsibilities.

The programs of California and Massachusetts for earthquake hazard re-
duction provide interesting examples of the present status of gtate and local
government, at opposite ends of the earthquake hazard spectrum, and their
relation to the Federally promulgated program. Finally, the potential of
linking land use control and prediction capability for existing buildings
presents the possibility for state and local governments, especially, to ful=-
fill their responsibility for existing buildings in a realistic way.

INTRODUCTION

The subject of the '"State of Art' relative to government responsibility
in microzonation is addressed in this paper in a relatively narrow scope.
The scope is restricted as far as possible to what can be described as doc=-
umented aspects of acts or policies which involve microzonation or concepts
of microzonation and involve government at various levels. The paper is not
an attempt to analyze or imply the obligations of government responsibility
or how one assesses that responsibility. There are several good reasons for
this approach at this time. And the phrase '"This time" is intended to imply
a significant period in defining the state of the art in government respon-
sibility based on the recent delivery of the report entitled "The National
Earthquake Hazards Reduction Program' delivered by the President to the
Congress of the United States. The importance of this program will be re-
viewed in the next section of this paper.

With the availability of this program report, this paper and this con-
ference is a good time to review the status of all levels of government pro--
grams which involve aspects of microzonation and to consider the Federal role,
the State and local role, and the implications for the future.

I Commissioner, Department of Code Inspection, Worcester, Massachusetts
Formerly Technical Director, Massachusetts State Building Code Commission
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In some cases, such as California, the implications of risk and hazard
due to earthquakes are relatively obvious and the necessity for creating
programs to deal with the risk and hazard have become a recognized and sign-
ificant part of the government's responsibility. Programs have been developed
and are being developed, laws passed and systems of controls created, to deal
effectively with what is generally agreed is a significant hazard and a high
risk in many areas of that state.

In other cases, such as Massachusetts, the hazard exists but is some-
what marginal and the risk is of significance but does not demand the same
government concerns as the hazard and risk in California.

And of course, in many other places in the United States where both the
hazard and risk exist at a level which appears to require some government
responsibility, there is virtually no program evident. While no program may
be evident, this does not necessarily imply that there has not been a de-
finitive decision made by government to ignore any or all hazards and risks.

It may be simply that based omn either state or local concerns isolated
from any Federal influence, the decision has been made that the cost or nec-
egsity of such a program is not justified.

It appears reasonable to say that all government decisions relative to
hazard and risk due to earthquakes rely on the existence or absence of in-
formation on microzonation and the assessment of the importance of acting on
that information or acquiring the necessary detailed information. Govern-
ment responsibility can incorporate very stringent requirements in very small
specific locales, such as neighborhoods, streets, building sites, etc., where
there is a significant hazard. This is common in California and the number
of options and the character of government responsibility reflects a concern
for microzoning areas down to the smallest practical scale of use and control.

In Massachusetts after considerable deliberation of the characteristics
of relatively small zones, such as the Boston Back Bay and different regions
of the state, the characteristics of microzoning were based on a single risk
zone for the state with design force equation modifications based on soil
conditions for local area or side considerations.

Many of the options available for identifying responsibility, evaluating
risk and benefit to the community and establishing land use control programs,
before and after earthquakes, and developing and using modern seismic building
codes to reflect the earthquake hazard have been reported elsewhere in great
detail. The potentials for reducing hazard and the means have been explored
as a preliminary to the current report to Congress in the ''Newmark' report,
using extensive experience and documentation, and most recently in the report
entitled "Earthquake Hazards Reduction: Issues for an Implementation Plan."
In addition, the future potentials for earthquake prediction and the corre-
lations with microzoning capabilities have been explored in detail in the
publication "Earthquake Predictions and Public Policy" by the National
Academy of Sciences.

The intent of this paper is not to review these concepts but to consider
where government responsibility lies in respect to the mandates created by
the report to the Congress. To do this the rest of the paper will deal with
the following:
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l. Review the report and its significance relative to government respon-
sibility at all levels concerning microzonation.

2. Review briefly the state of the art of government responsibility in two
extreme and informative cases: a.) California
b.) Massachusetts
with respect to the mandates and implications of the report to Congress.

3. Consider the significance of the Federal program with respect to existing
buildings, earthquake predeictions, and future research.

THE NATIONAL EARTHQUAKE HAZARD REDUCTION PROGRAM

On June 22, 1978, the President transmitted to the Congress of the United
States a plan for a National Earthquake Hazards Reduction Program. The pro-
gram presented by the President is intended to provide the means for implem-
enting the Earthquake Hazards Reduction Act of 1977 (Public Law 95-124). 1In
the message to the Congress, the President stated that the National Earth-
quake Hazards Reduction Program ''deals with, predicting and preparing for
earthquakes: ways in which government, industry, and the public can apply
knowledge of seismic risk when making land-use decisions; and achieving
earthquake-resistant design and construction."

Within the context of the program presented by the President is clearly
defined the Federal government's policy for the means of implementing earth-
quake hazard reductions. Further than this, the details of the program spell
out the federal government's perceptions of its own responsibilities in such
a program, and the correlated responsibilities of other levels of governments
and the private sector.

Unquestionably, within the text of the program document, the statements
of government responsibility relative to microzonation at the federal level
constitutes a clear statement of the '"State of the Art', and the elements
which pertain to other levels of government imply some of the directions of
government responsibility which will guide local governments in their
decisions relative to earthquake hazard reduction.

It is important to review the program to extract the implications for
microzonation. There are several reasons why the document is important for
understanding the current "State of the Art" for government responsibility.
One obvious reason is that it tells with some precision what the Federal
government expects to do and what it expects other levels of government to
do, or, alternatively, to consider, whether they do something or not.

Another reason is that the program says what federal government re-
sponsibility is not, and therefore shifts certain burdens of responsibility
to lower levels of government.

Another reason is that overall, the program now establishes a uniform
context for government responsibility at all levels and for those things
which, by implication, have been reviewed by experts and have been deter-
mined to be considerations to demand attention, or at least a proper degree
of address, and a reasoned disregard.
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And finally, the program establishes a measuring stick by which exist-
ing earthquake hazard reduction programs at federal, state and local levels
can be reviewed and evaluated and perhaps modified.

1. General Aspects
- Partnership: The federal government places the principal respon-
sibility and the essential burden of action on state
and local governments for all aspects of the program.

- Implementation: There is an implied responsibility at the federal
level to ensure that local governments recognize a
responsibility to use existing and developing know-
ledge about regional and local variations of seismic
risk in making their land use decisions.

2. Guiding Principals .

- The Federal government's responsibility is to provide a strong ex-
emplary position with regard to its own facilities and to develop
guidelines and standards for Federally-assisted or licensed critical
facilities. Improvements in local land use and building codes to
accomplish earthquake hazard reduction is to be accomplished by per-
suasion and encouragement.

- YThe priorities of hazards reduction are to be based on relative risk;
that is, the probability of significant loss of life and property, con-
sidering the population exposed, the nature and magnitude of the
hazards posed by manmade structures to the population, and the likli-
hood and character of significant earthquakes. Regional differences
in the nature and magnitude of the risk and of perception of the risk
require a flexible approach."

- "Earthquake hazards reduction must not only take into account the
direct natural hazards from faulting and vibration, but also the in-
direct natural hazards from tsunamis, seiches, landslides, floods,
soil consolidation, soil failure and slumpingeee.."

- "To be acceptable in regions characterized by lower, but significant,
seismic risk, earthquake hazards mitigation activities should lead to
the reduction of risks from hazards other than earthquakes and be co-
ordinated with efforts to protect people and property from other
potential hazards and disasters."

Some of the priorities for immediate action which are of interest are
as follows:

- "The determination of the interest of States for the development of
State and local strategies and capabilities for earthquake hazards
reduction,"

- "The development of seismic resistant design and construction stan-
dards for application in Federal construction and encouragement for
the adoption of improved seismic provisions in state and local build-
ing codes."
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- "The estimation of the hazard posed to life by possible damage to
existing Federal facilities of this type will rest with the Director
of the U.S. Geological Survey." '"The Director will be assisted in
this task by the National Earthquake Evaluation Council, a Council
to be composed of scientists from inside and outside government."
"The responsibility for warning the people about the imminent
danger from a natural hazard and to advise or direct them on how
to respond is principally a function of State and local government."

The Federal government has also assumed the responsibility for ass-
essing the '"frequency and characteristics of earthquakes in the United
States," The maps envisioned, however, '"'are not intended for local zoning
or the evaluation of specific sites but for showing the broad variation
of seismic risk throughout the Nation."

The program calls for the contining work of the Geological Survey in
"identifying and evaluating earthquake hazards, such as active faults and
ground conditions that affect the distribution of damage." The program in-
cludes the evaluation and regional delineation of earthquake hazards, par-
ticularly in regions of highest risk." However, it is emphasized that the
work encompassed by this task is probably not adequately detailed to be used
in making decisions about local conditions and land use. The responsibility
is clearly directed to the discretion of local or state authorities, although
there is implied that discretion for some facilities may be tempered by
Federal or State influences.

The Federal government identifies clearly its responsibility for earth-
quake hazard reduction in developing and managing its own land and construc-
tion projects and the need to provide an example for other levels of gov-
ernment and the private sector.

In addressing facilities such as dams, hydraulic structures, nuclear
reactors, liquid natural gas plants and storage facilities for explosive and
hazardous materials and lifelines the Federal mandate for responsibility is
not clearly outlined although it implies increased participation by State
governments. There is, however, one example given of legislation which en-
courages ''early identification of geological conditions at prospective power
plant sites and the banking of sites for future use.'" It is clear, although
understated, that there is a compelling responsibility at all levels of
government to link the geologic and seismologic characteristics oi the
immediate site with planned or existing '"'critical' use in evaluating either
suitability or existing threat. For the normal facilities associated with
public services and responsibilities such as hospitals, fire and police
stations, communications and administration centers the program implies that
the means of establishing state or local government responsibility, based
presumably on the local hazard, is through the control of any funds provided
for such facilities by the Federal government.

In the final section of the program a definitive listing of responsi-
bilities is provided for the Federal government, State and local govern-
ments. The Federal role has already been identified to a great extent pre-
viously. It is to set an example in the use of its own lands and buildings
and in new construction; to provide the latest information available to local
governments on regional hazard assessment and seismic codes; to work with
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professional groups and model code groups in order to create vehicles for
adoption locally of national standards; and to provide assistance as app-
ropriate and as required in the development of state and local strategies
and implementation plans.

The program provides a undefinable sense of moral obligation for the
State and local governments to do something that will meet certain stan-
dards, the determination of which most appropriately lies with the local
government or State. '"State and local governments bear responsibilities
for preparedness, response, warning, regulating construction, and regul-
ating the use of land. The National Earthquake Hazards Reduction Program
must, to be successful, include development of state and local strategies
for defining and meeting their responsibilities in earthquake hazards
mitigation,"

"The most severly threatened states need to analyze their own problems
and find their own solutions. This process should include the modification
of decision making processes to include considerations of earthquake hazards
where appropriate."

One of the possible solutions for mitigating earthquake hazards is pro-
posed as ''the acquisition of lands or facilities in seismic hazard zones,
identification and mapping of local hazard zones for land use planning, and
retrofitting, razing or relocation of structures,"

The program goes on to say, ''the opportunitv exists for state and local
governments to mandate, through legislation, including the adoption of build-
ing codes and zoning ordinances, earthquake hazards reduction actions on
private property." '"In the rapidly urbanizing areas of the country sus-
ceptible to earthquakes, regulation of land use through building codes or
local zoning is the most effective way to avoid some earthquake hazards.'

The conclusions which can be drawn are as follows: state and local
government has two basic responsibilities:

a.) To establish programs of earthquake hazard mitigation which mesh
with the programs, policies and impetus of the Federal govern-
ment and

b.) With the help, encouragement and persuasion of the Federal gov=-
ernment to define their own perceptions of risk and based on
their evaluation of the hazard to establish programs of miti-
gatione.

Implicit in the programs at all levels is the fundamental need to ass-
ess risk at ageographic level which is inversely proportional to the app-
arent hazard and to relate solutions to site and regional geological and
seismological characteristics. Land Use control emerges as a significant
fundamental tool.

In the next section two ongoing programs of earthquake hazard mitigation
are reviewed in relation to the Federal program - the programs in the States
of California and Massachusetts. These two states represent two limits of
the spectrum of considerations for State and local government responsibility
and the character of microzonation implicit in responsibility at the two ex-
tremes of seismic hazard.
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The history of developments in California relative to earthquake hazard
mitigation generally represent the most comprehensive and current programs of
government responsibility at any given period of time in the United States.
Both the need for such programs and the reasons for the implementation are
subjects which don't require detailed explanation here. It is interesting,
however, to note briefly the features of earthquake hazard mitigation devel=-
opments in California in chronological sequence:

1906

1927

1928

March 1933

1933

1933

1933

1935

1943

1947

1971

1971

San Francisco - After the earthquake - rebuilt under a code
providing 30 pounds per square foot loading for both wind and
earthquake resistance.

Uniform Building Code
Included provision for lateral earthquake forces proportional
to masses.

California State Chamber of Commerce

Recognized need for building code '"dedicated to the safeguarding
of buildings against earthquake disaster."

Initiated studies by leading structural engineers of the State
which formed the basis for the codes which followed.

Long Beach earthquake destroyed many public school buildings.

State Legislation adopted '"Field Act" controlling design and
construction of public school buildings.

Riley Act adopted requiring all buildings except dwellings and
farm buildings to be designed to resist a specified lateral
force.

Los Angeles building ordinance required a lateral force equal to
8% of the dead load plus half the live load.

Uniform Building Code adopted provisions similar to Los Angeles.,

Los Angeles incorporated a coefficient recognizing the influence
of flexibility in the design of structures.

San Francisco adopted a table of varying coefficients applied to
vertical design loads for buildings of different heights with
variations for soil conditions.

San Fernando Earthquake

Seismic Safety Element - As a part of legislation requiring all
cities and counties to adopt a general plan as included in the
following:

"A seismic safety element consisting of an identification and
appraisal of seismic hazards such as susceptibility to surface
ruptures from faulting, to ground shaking, to ground failures,
or to effects of seismically induced waves such as tsunamies and
seiches."
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1971 Public School Siting Bill

1973 Hospital Safety - Required that hospitals remain "completely
functional'" during and after an earthquake.

Since 1971 California has passed additional legislation including bills
for the control of construction near active faults, and a strong motion
instrumentation program.

The gradual increase of control over more specific items and sites is
apparent in this historical perspective. Looking at areas like San Francisco
in detail would show an even greater attention to the recent increased de=~
velopment of specific land use controls and the linkage of site character-
istics to specific development policies. In fact within the state there
are many instances of examples of effective land use controls and these have
been reported extensively in the literature.

There appears to be little doubt that California is actively addressing
its earthquake hazard problem and in most efforts fulfilling the objectives
of the Federal program.

It is of interest, however, to note the period of time required to put
into places so many of the objectives, even recognizing what appears to be
a hazard time scale closely equivalent to the time scale of government
actione.

MASSACHUSETTS

Perhaps the time to begin with Massachusetts is in 1969 when the U.S.
Geological Survey permitted the publication of a revised seismic risk map
of the United States prepared by S.T. Algerrmissen. The Algerrmissen map
placed Boston and the Northshore immediately north of Boston in zone 3,
and most of the rest of the state in zone 2. Based on this event there
evolved the apparent possibility that buildings in Boston might be required
to meet the same design requirements as Los Angeles and San Francisco.
Until that time it is safe to say that Massachusetts had no seismic re-
quirements.

In July, 1970 the City of Boston issued a new building code which
adopted zone 2 and referenced the 1967 edition of the Uniform Building Code,
Volume 1, Section 2314, "Earthquake Regulations' which basically required
only the capability to withstand lateral forces while remaining vague
about required ductility. This represented the first introduction of seismic
requirements in the Boston Code.

In 1972 legislation was passed in Massachusetts establishing a State
Building Code Commission and the provision for promulgation on January 1,
1975 of a uniform mandatory state code. In 1973 a Seismic Committee was
formed to advise the State Building Code Commission. On January 1, 1975 the
Seismic provisions were published with the new state code, incorporating a
zone approximately equal to the Uniform Building Code zone 1.5 and incor-
porating a site soil factor and requirements for evaluation of liquefaction
potential under various specified site conditions. At the present time the
code is being revised and the question of dividing the state into more than
one zone has been considered.
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At this point it is worthwhile analyzing the development of certain
aspects of the seismic provisions in more detail in order to consider some
of the aspects of government responsibility contained in the Federal pro-
gram as reflected in the decisions in Massachusetts,

As the fundamental basis of the decision - making procecss the two
criteria of reasonable life-safety and economics were established. Life-
safety reflected the characteristics of hazard and risk especially of the
Boston arca, and economics was the economics of developing construction,
not the economics of disaster and disaster recovery. The balance sought
was a realistic level of public safety recognizing a return period of
10,000 years for the design basis earthquake, and the desire not to create
an unwarranted cost burden Ior construction. A single zone was chosen for
the state in the interest of maintaining simplicitv.

Subsequent review of the zonation of the state in early 1978 estab-
lished that there is "ample reason to argue for a reduction in seismic
requirements' for' the western part of the state.

It was decided, however, to leave the state as one seismic zone for
two fundamental reasons:

l. Uniformity of eniorcement
2. The error inherent in setting an east-west boundary for two zones
in the state is so great that it is not meaningful.

It appears that the efforts to date in Massacliusetts meets both the
intent and the spirit of the Federal program. There is, of course the
question of whetlier the actions taken, and they appcar now to be relatively
limited in scope, adequately fulfills the concept of responsibility estab-
lished for state and local government given the state's own perception of its
hazard and risk.

It is clear that California has need of assuming more responsibility
and has a far more comprehensive program of land-use control which reflects
many more of the objectives of the Federal program. Massachusetts is per=-
ceived by those making decisions as being at the other end of the seismic
spectrum, despite the publication of the survey map in 1969 which raised
the question of assessment of hazard. With some relatively minor modifi-
cations to the structural provisions in the next issue of the building code
Massachusetts appears to be satisfied that it has assumed virtually all the
responsibility required for its efforts, including land use control.

EXISTING BUILDINGS, PREDICTIONS AND THE FUTURE

Existing buildings pose the greatest threat. As outlined in the
Federal program, the cost of upgrading existing buildings to an acceptable
level for seismic safety, especially in California, is beyond the scope of
practical reality. Ignoring the threat of existing buildings, as has been
done until now, is a risk assumed by the Federal, State and local govern-
ments.

Responsibility for action on the part of government must represent the
"state of the art" in terms of practical reality.
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The Federal program looks forward to the potential of eartiiquake pre-
diction as a major mitigating factor for existing buildings. It appears
that, depending on the risk perceived by the government responsible, there
are several potential approaches for existing buildings. The Federal pro=-
gram speaks of the development of a strategy and methodology, in conjunc-
tion with several Federal agencies and the California Scismic Safety
Commission, to identify Federal buildings which present "unacceptable' risks.
The possible strategies shown for mitigating hazards impose overwhelming
financial burdens which it may not be possible for any state, including
California, to reasonably assume.

However, it appears that it may be reasonable to assume that state and
local governments should, at some level of hazard, possibly equal to that
perceived in Boston, and certainly as perceived in California, assess
critical facilities and high occupancy buildings based on their particular
site characteristics and their effective design capacity.

In some cases the acquisition of the knowledge of these two parameters
implies a responsibility to make a decision on the risk. In other cases,
such as Boston, the question of what is responsible action, especially in
view of the lack of guidelines in the Federal program is still open to
question. If Boston takes action and, say, Memphis does not, is Boston being
excessively responsible or is Memphis ignoring their responsibilities?

Perhaps the most realistic responsible approach for existing buildings
in many seismic areas depends on the coupling of four factors; the use of
the building, the site characteristics, the design capacity of the building
and the threat implied at the specific site based on the prediction. While
prediction may be a long time from becoming a practical tool, state and
local governments who project return periods of the order of thousands of
years for earthquakes which represent significant hazards may be acting
most responsibly, within the full context of all their scope of responsibil-
ities, by waiting until prediction becomes a functional tool.
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PROGRESS ON SEISMIC ZONATION IN THE SAN FRANCISCO BAY REGION

INTRODUCTION AND SUMMARY

by

Earl E. Brabe and Roger D. BorcherdtII

Studies by 16 researchers in various earth-science and engineering
disciplines were summarized at the First International Conference on Micro-
zonation in 1972. These reports, published in expanded form as U.S.
Geclogical Survey Professional Paper 941-A, established that seismic zona-
tion of the San Francisco Bay region was feasible and showed the necessity
for a multidisciplinary approach to the problem. The reports emphasized
methodologies for constructing seismic zonation maps from ‘earth-science
data that were currently available on a regional scale. The maps showed
maximum earthquake intensity, active faults, geologic units, qualitative
ground response, liquefaction susceptibility, landslide susceptibility, and
areas of potential tsunami inundation. These maps served to delineate areas
with potential earthquake problems, identify the problem, and indicate its
possible severity.

These basic tools and a number of other products developed as part of a
cooperative project between the U.S. Geological Survey and the Department of
Housing and Urban Development have been utilized by most of the 91 cities
and all of the counties in the San Francisco Bay region. They have alsoc been
used in the preparation of seismic safety, public safety, conservation, and
open-space elements of general plans together with ordinance administration
policy and environmental impact statements. They are the basic building
blocks for derivative maps prepared by the Association of Bay Area Govern-
ments for regional planning, such as the appropriate location for toxic
waste disposal, industrial development, population concentration, and
transportation. This wide application of the products has resulted in a
significantly increased demand for new and improved earth-science data that
can be used for development of policies for earthquake hazard reduction.

Since the initial study, a number of new data have been collected and a
number of new approaches have been developed concerning communication of
these data to the planning communities. The following set of papers
discusses some of these new results in detail. Some of the highlights are
as follows:

Discovery of three new potentially active fault systems;

Mapping of all faults with Quaternary displacement in northern San
Francisco Bay region at scales of 1:125,000 and 1:24,000;

I Research Geologist, U.S. Geological Survey, 345 Middlefield Road,
Menlo Park, California, 94025

I1I Supervisory Geophysicist, U.S. Geological Survey, 345 Middlefield
Road, Menlo Park, California, 94025
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Seismic and geologic logging of 59 drill holes in southern San Fran-
cisco Bay region to develop a data base for improved regional ground
motion predictions;

Development of new Methods utilizing synthetic seismograms to improve
quantitative ground motion predictions;

Mapping liquefaction susceptibility of Santa Cruz County at a scale of
1:62,500 using new techniques;

Development of new techniques for mapping regional slope stability
during earthquakes; and

Development of improved methods for estimating earthquake-induced
damage to buildings on a regional scale.

The need for new and improved data in all metropolitan areas of high
seismic risk is becoming increasingly apparent. The recent Earthquake
Hazards Reduction Act of 1977 (P.L. 95-124) calls for the identification,
evaluation and characterization of seismic hazards in all areas of high or
moderate risk and the development of means to coordinate information about
seismic risk with land-use policy decisions. Some of the methods and
policies developed in the San Francisco Bay region will be directly appli-
cable to other areas of the United States; however, where earthquake
problems and basic data sets are different, additional methods and policies
will be needed.
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NEOTECTONIC FRAMEWORK OF CENTRAL COASTAL CALIFORNIA
AND ITS IMPLICATIONS TO MICROZONATION
OF THE SAN FRANCISCO BAY REGION

by
I
Darrell G. Herd
ABSTRACT

Microzonation of the San Francisco Bay region must consider future
earthquakes on several major northwest-trending faults. Principal among
these, the San Andreas fault zone extends through the central Coast Ranges
to San Francisco, and then north along the Pacific coastline. Paralleling
it offshore to the west is the San Gregorio-Hosgri fault system, which
joins with the San Andreas near San Francisco. At Hollister, the Hayward-
Lake Mountain fault system branches eastward from the San Andreas, extend-
ing north beyond Eureka. The Calaveras-Sunol, Concord, and Green Valley
faults form a line that splays from the Hayward-Lake Mountain fault system
near San Jose. East of San Francisco, the San Joaquin fault zone bounds
the east flank of the Coast Ranges.

Large earthquakes (M>7) are credible on several fault zones in the San
Francisco Bay area and have a basic recurrence of tens to hundreds of years
on a few.

INTRODUCTION

Microzonation of the San Francisco Bay region for seismic shaking must
consider future earthquakes that likely will occur along several predom-
inantly northwest-trending:faults. The San Francisco Bay region lies
astride the San Andreas fault zone at its intersection with two other major
fault systems. These faults, which constitute the neotectonic framework of
central coastal California, have been repeatedly active throughout the
Quaternary Period (last 1.8 m.y.).

Most historic California earthquakes have originated along such re-
cently active faults (1, 2). An assessment of the length, character, and
rate of displacement along them, with reference to historic worldwide
seismicity, can be used to estimate the magnitude and frequency of large
earthquakes expectable in the San Francisco Bay area.

NEOTECTONIC FRAMEWORK

Recently active faults. The San Francisco Bay region (fig. 1) is cut
by several major northwest-trending right-slip faults. These faults, which
have been active in both historic (Table 1) and geologically recent time,
sliver coastal California into narrow crustal blocks. Principal among
these faults, the San Andreas fault zone extends from southern California
through the central Coast Ranges of San Francisco. From there north, the
San Andreas skirts the Pacific coastline to near Cape Mendocino (see
fig. 3), where the fault zone intersects the Mendocino fracture zone. The
San Andreas is paralleled offshore to the west by the San Gregorio-Hosgri
fault system (3), which begins west of Point Conception and joins the San

IGeologist, U.S. Geological Survey, Menlo Park, California
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Andreas just west of San Francisco. Approximately 120 km southeast of San
Francisco a second system of faults, the Hayward-Lake Mountain (4),
branches eastward from the San Andreas fault zone at Hollister. This line
of large en echelon, recently active right-slip fault zones parallels the
San Andreas northward, passing east of Cape Mendocino. The fault system
extends beyond Eureka onto the continental shelf southwest of Crescent
City. A much shorter line of three faults, the Calaveras-Sunol, Concord,
and Green Valley, splays from the Hayward-Lake Mountain fault system near
San Jose. To the south, the Sargent fault zone joins the Calaveras-
Paicines fault zone and the San Andreas (5).

Southwest of San Jose, an imbricate system of thrust faults (collec-
tively referred to here as the Berrocal fault zone) abuts the northeast
side of the San Andreas fault zome (5). East of San Francisco, the San
Joaquin fault zone bounds the east flank of the Coast Ranges. The zone is
predominantly normal in character (east side down), with local reverse
faults.

Faulting and plate tectonics. The northward movement of the Pacific
plate relative to North America (fig. 3) is manifested in coastal
California as slip along the San Andreas fault zone and the subsidiary
faults. The relative rate of movement across the plate boundary is not
uniform and is difficult to measure because the area is slivered by inter-
secting and branching fault systems. One of the crustal slivers, the
Humboldt plate (4), moves independently of the Pacific and North American
plates. This small plate, bounded on the east by the Hayward-Lake Mountain
fault system and on the west by the San Andreas, converges northwestward
with the Gorda plate. Near San Jose, the Humboldt plate locally overrides
and is crushed by the Pacific plate (along the Berrocal thrust faults).

The crustal extension at the east side of the Coast Ranges (evidenced by
normal faulting along the San Joaquin fault zone) may be due to the north-
westward movement of the Humboldt plate away from the North American plate.

Fault slip. Movement on the recently active faults in the San
Francisco Bay region occurs catastrophically in seismic slip events (as
much as 5 m of right-lateral displacement was measured (2) across the San
Andreas fault after the 1906 earthquake) as well as gradually by fault
creep.

An average of 3.7 cm/yr of long-term slip (determined from the right-
lateral offset of a 3,000-year-old stream channel (6) in the Carrizo Plain)
occurs along the San Andreas fault zone south of Hollister (fig. 1, inset).

Table 1.--Historic surface fault displacements associated with earthquakes
in the San Francisco Bay region (2)

P

Date Fault Rupture length Magnitude

Late June, 1838 San Andreas Unknown

July 3, 1861 Calaveras-Sunol Unknown

October 22, 1868 Hayward >30 km 7+1/2 (estimated)
April 24, 1890 San Andreas >10 km?

April 18, 1906 San Andreas 430 km 8.3

Surface faulting has previously been reported (2) for the June 10, 1836
earthquake on the Hayward fault zone. However, re-examination of the
original newspaper accounts (referenced in 7) does not support such an
interpretation. The described earth fissures were probably due to ground
shaking and slope failure rather than faulting.
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L | | 1
!

] T T
% 0 50 100 miles

0 50 100 km

Gorda OREGON
Plate
\.Crescent City
North American
Plate
T a}eka 1
Mendocino -

—
— VvV ¥V Lake Mountain F.Z.

\/
Fracture Cape

T Zone  Mendocino | \ CALIFORNIA  T4°°

Maacama F.Z.

\

Green Valley F.Z.
Rodgers Creek F.Z.

\Concord F.Z.

Pacific
Plate

>
< Calaveras F
3 Q -
=
"/

& Paicines F.Z.
San Andreas F.Z.

L | l 1 )|

T T T 1 1 I
125°

Figure 3.--Map showing plate tectonics of coastal northern California and
Oregon (4). Recently active faults of coastal California are represented.
Large black arrows show movement of Pacific and Gorda plates relative to
the North American plate deduced from vector diagram in bottom center.
Motion of the North American plate with respect to the Pacific plate (Ap)
is assumed to be 5.8 cm/yr parallel to the San Andreas fault zone. Motion
of the Gorda plate with respect to the Pacific plate (Jp) is assumed to be
5.8 cm/yr parallel to the Blanco fracture zone. The resultant motion of
the Gorda plate with respect to the North American plate (Ja) is a
compression in a north-northeast direction of 2.5 cm/yr.
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Part of the displacement (currently as much as 3.6 cm/yr) occurs locally as
creep (fig. 2). North of Hollister, near San Francisco (fig. 1), only

2 cm/yr of long-term slip has been documented along the San Andreas fault
zone, 0.6-2.2 cm/yr in displaced Pliocene (1.8-5.0 m.y.) rocks (11), and
1-3 cm/yr in offset deposits 1-3 m.y. old (12).

Most of the 1.7 cm/yr of slip that is not carried northward along the
San Andreas beyond Hollister is apparently transferred to the Calaveras-
Paicines fault zone, which branches from the San Andreas just south of
Hollister (fig. 1). Although the actual long-term rate of slip along the
Calaveras-Paicines fault zone is not known (a minimum of 0.14-0.71 cm/yr
slip has been determined (13) from offset 3.5-m.y.-old volcanic rocks north
of Hollister, fig. 1), the long-term rate is maybe at least 1.2 cm/yr and
more probably about 1.5 cm/yr. Southeast of San Jose (fig. 2), 1.0-1.2
cm/yr of creep has been documented on the Paicines-Calaveras fault zone.
The rate of creep along the Calaveras-Paicines fault zone, like the San
Andreas south of Hollister, is presumably equal to or less than the long-
term slip rate (the difference being made up in catastrophic seismic slip
events).

Slip along the Calaveras-Paicines fault zone is apportioned at San
Jose between the Hayward-Lake Mountain fault system and the Calaveras-
Sunol--Concord--Green Valley fault system (fig. 1). Although no geologic
rates of offset have been locally determined along either fault system,
the measurement of 0.6 cm/yr of creep on both the Hayward and Concord fault
zones at about the same latitude suggests that the 1.5 cm/yr (?) of slip
along the Calaveras-Paicines is equally divided between the two. A marked
diminution in long-term slip rate northward along the respective fault
systems is suggested by only 0.2 cm/yr of creep along the Maacama fault
zone at Willits (fig. 2), and 0.03 cm/yr of creep on the Green Valley
fault zonme.

About 1 cm/yr (0.63-1.3 cm/yr) of movement for the last 200,000 years
has been measured (14) across the San Gregorio fault zone at Afio Nuevo
(fig. 1). This amount of slip is added to the San Andreas fault zone west
of San Francisco, apparently increasing the long-term slip rate along the
San Andreas north of Bolinas to about 3.0 cm/yr.

""BASIC" EARTHQUAKE RECURRENCE

Curves of Wallace's (15) '"basic" earthquake recurrence can be deter-
mined for earthquakes of different magnitude at given points on faults in
the San Francisco Bay area if (a) the rate of displacement on the fault is
known; (b) the slip rate is constant; (c) all the long-term offset or slip
on the fault was the cumulative effect of sudden slips accompanying earth-
quakes, interspersed with periods of elastic strain build-up; and (d) all
earthquakes are assumed to be of the same size. These curves (fig. 4) can
be generated for the Hayward, Calaveras-Sunol, Calaveras-Paicines, and San
Gregorio fault zones, and parts of the San Andreas (for which average
geologic slip rates can be approximated) by the formula

D

M=
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in the San Francisco Bay region, assuming average displacement rates
indicated. The earthquake magnitudes have been calculated from the
empirical relation of Slemmons (17) M = 6.717 + 1.214 logyg (D), where M
is magnitude and D is displacement in meters (n = 30, r2 = 0.408, :
s = 0.639).

where RM recurrence interval, at a point on the fault of an

earthquake of magnitude M,

D = most probable surface displacement associated with
an earthquake of magnitude M, determined from a
linear regression of earthquake magnitude on
surface displacement from data on historical
magnitude and surface rupture, and

S = long-term strain rate.

The curves suggest that large earthquakes (M>7) have a "basic" recur-
rence of tens to hundreds of years on the faults. However, the curves are
only a first approximation of estimated earthquake recurrence since the en-
ergy released during earthquakes of other magnitudes is not deducted. More-
over, the effect of fault creep, which may be considered a noncatastrophic
mode of fault slip and thus an inhibiting factor in the accumulation of
elastic strain and the generation of earthquakes, is not considered.
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""MOST PROBABLE' EARTHQUAKE MAGNITUDES

Estimates of the "most probable'" earthquake magnitudes that can be
expected along faults in the San Francisco Bay area if one-half the total
fault length ruptured (Table 2) can be used to calculate ground response
for microzonation. These estimates, which have commonly been called
"maximum credible" or "maximum expectable" earthquake magnitudes (16),
are made from linear regressions of earthquake magnitude on length of
surface rupture using historical earthquake magnitudes and lengths of
surface ruptures (17, 18, 19).

The earthquake magnitudes estimated in Table 2 imply that M>6 earth-
quakes are credible on most principal fault zones in the San Francisco Bay
area. The values differ from those previously determined for faults in
the Bay area (2) because they are based on newly mapped fault lengths, and
because they are not calculated from regressions of fault length on
earthquake magnitude (18).

Table 2.--Most probable magnitudes of earthquakes that would be expected,
provided that rupture of one-half the total length of faults or fault
segments in the San Francisco Bay region occurred.

Most probable

Character of Length (L) magnitude
Fault zone motion km 1/2 L

San Andreas

Hollister - Cape Mendocino Right-slip 430 7.8

Hollister - Bolinas do 160 7.2

Bolinas - Cape Mendocino do 270 7.5
Paicines-Calaveras do 100 6.9
Hayward do 90 6.9
Rodgers Creek do 50 6.5
Maacama do 140 7.1
Calaveras-Sunol do 70 6.7
Concord do 20 6.0
Green Valley do 90 6.9
San Gregorio do 140 7.1
San Joaquin Predominantly 120 7.3

normal

Sargent Right-slip 60 6.6
Berrocal Thrsut 60 7.4

The magnitudes are calculated using the empirical relations of Slemmons
(17): M = 0.597 + 1.351 logyqg (L) for strike-slip faults (n = 31,

r2 = 0.601, s = 0.694); M = 1.845 + 1.151 1og10 (L) for normal faults
(n =18, rZ = 0.331, s = 0.521); and M = 4.145 + 0.717 logio (L) for
reverse faults (n = 9, r2 = 0.869, s = 0.167), where M is magnitude and
L is fault length in meters.
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PROGRESS ON GROUND MOTION PREDICTIONS
FOR THE SAN FRANCISCO BAY REGION, CALIFORNIA

by

Roger D. BorcherdtI, James F. GibbsI, and Thomas E. Fumalll

ABSTRACT

Tnhe amount of damage in the San Francisco Bay region from the 1906
earthquake depended strongly on the geologic character of the ground.
This dependence indicates the need for seismic zonation maps of the region
to outline areas where special earthquake resistant design is necessary
to reduce losses from future earthquakes.

Current research is directed at defining methodologies for improved
quantitative estimates of ground response on a regional scale. This

research includes determination of seismic and geologic logs in 59 drill
holes to a depth of 30 meters.

Relations derived between site amplifications (Amp), 1906 earthquake
intensity increments (§1), and shear-wave velocity are, respectively,

Amp = -11.4 log (S-vel, m/s) + 33.6

and

6T = -0.0027 (S-vel, m/s) + 2.25

Geotechnical parameters such as texture, standard penetration, and depth,
for sediments, and fracture spacing and hardness, for rocks, show strong
correlations with seismic velocities and provide a useful means of
defining 13 units with distinct seismic characteristics. Utilizing the
preceding empirical relations, quantitative estimates of ground response
at 59 sites, recently developed numerical models, and the classification
of seismically distinct units on the basis of geotechnical parameters,
improved quantitative estimates of variations in ground shaking can be
provided on a regional scale for seismic zonation of the San Francisco Bay
region. In addition, the seismic velocity relations permit extrapolation
of these data to other regions.

Introduction

The most widespread earthquake damage is generally due to ground
shaking and is strongly dependent on the geologic character of the
ground. After the 1906 earthquake, Lawson (12) reported evidence for
increased damage due to geologic conditions in 18 California communities.
This strong dependence of damage on the geological character of the ground
defined a strong need for predictions of regional ground motion that can

I
Geophysicists
IT
Geologist; U.S. Geological Survey, Menlo Park, CA
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be used for economical earthquake-resistant design. This paper describes
a new data base for developing a methodologv to prepare predictions of
regional ground motion that account for variations in geologic conditionms.

The problem of predicting regional ground motion is quite distinct
from that of predicting for specific sites. For specific sites (for
example, siting of a nuclear power plant or a high-rise structure),
detailed geologic and szlsmic data are available. As a result, recently
developed numerical modeling procedures can be used to predict reasonably
detailed time histories of ground motion. However, such detailed szismic
and geologic information is not availabla on a regional basis, and
predictions must necessarily be more generalized.

Previous Work on Regional Problem

At the time of the First International Conference on Microzonation,
Borcherdt, et al., (5) reported on data available for regional ground
motion predictions in the San Francisco Bay region. These data included
observed 1906 earthquake intensities, recordings of the 1957 earthquake,
comparative measurements at 99 sites of ground shaking generated by

nuclear explosions, and high-strain laboratory measurements of dynamic
soll properties.

Comparative measurements of ground shaking generated by the nuclear
explosions and the 1957 earthquake showed that a significant and
consistent difference in the response to shaking exists between different
geologic units in the San Francisco Bay region (Borcherdt, 1). Comparison
of the measured amplifications with the high quality 1906 intensity data
showed that an increase in amplification corresponds to an increase in
intensity. This correlation suggested that sites at equal distance from
the fault with large observed amplifications may also be sites of |
relatively high intensity in future earthquakes. These data together with
available geologic information were used to predict the maximum intensity
that sites in the San Francisco Bay region might sustain from large
earthquakes on either the San Andreas fault or the Hayward fault
(Borcherdt, Gibbs, and Lajoie, 4). (See Fig. 1 for map).

The intensity map delineates general areas susceptible to problems
from earthquakes in the San Francisco Bay region, and, when properly
interpreted, it provides a preliminary form of seismic zonation. The map
has been used in the required Seismic Safety Elements of several bay
region communities and for development of general land-use policies
designed to reduce earthquake losses. The map does not provide
quantitative estimates of ground shaking nor does it predict the nature
and areal extent of such problems as surface faulting or liquefaction. It
does delineate many potentially hazardous areas and provides a qualitative
estimate of the overall hazard from shaking on a regional scale. In
addition to their use for the maximum predicted intensity maps, the data
available in the San Francisco Bay region were considered adequate to
prepare a map showing that the expected effects of amplified ground
shaking would be least on bedrock, intermediate on alluvium, and greatest
on bay mud (Borcherdt et al., 2). However, the data were not considered
adequate to prepare more quantitative maps depicting such parameters as
peak acceleration, velocity and displacement. Such predictions require
not only detailed models of the earthquake source and the seismic wave
transmission path, but also detailed knowledge of the geometry and
configuration of near-surface geologic deposits.
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Figure 1.-Maximum earthquake intensities predicted for San Francisco (map
is excerpt from Borcherdt, Gibbs, and Lajoie, 4). Each value is maxi-
mum of those predicted assuming a large earthquake on San Andreas or
Hayward fault. Intensity values are predicted from empirical relations
based on only good intensity data for the 1906 earthquake together with
a generalized geologic map compiled by K. R. Lajoie (written comm., 1974).
Letters A-E indicate grades of San Francisco intensity scale.
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New Data Base for Regional Problem

To develop an improved data base for more quantitative predictions of
ground motion on a regional scale, a program was undertaken by the U.S.
Geological Survey to determine detailed seismic and geologic logs for a
large number of sites in all major geologic units in the San Francisco Bay
region. To date, seismic velocity logs of P- and S- waves, together with
geologic logs, have been determined for 59 sites in drill holes to a depth
of 30 meters (Fig. 2) (Gibbs et al., 7, 8, 9, 10). Seismic velocities
(Fig. 3) were measured at 2.5-meter intervals using an in-hole technique
developed by Kobayashi (11) and Warrick (13). (See Gibbs et al., 7, for
detailed description of technique). Interpretive geologic logs were
compiled for each hole using field data, including descriptions of three
to six samples taken at lithologic contacts and at points where changes in
physical properties were indicated (see Fumal, 6, for details). Drill
hole sites were selected on the basis of available high-quality 1906
intensity data, measured ground response from nuclear explosions, and
detailed geologic mapping.

Seismic Velocity vs. Intensity Increments

To compare seismic velocities with the 1906 inteunsity data, the effect
of distance on the observed 1906 intensities was removed by computing
increments in observed intensity with respect to a mean attenuation curve
for intensities observed on the Franciscan Formation (Borcherdt and Gibbs,
3). Those intensity increments, based on the better 1906 data and
collected at sites for which no ground failure was observed, are plotted
as a function of average shear wave velocity to the bottom of the hole
determined at the corresponding site (Fig. 4). The plot shows
considerable scatter in the data, but a decrease in seismic shear wave
velocity clearly corresponding to a decrease in observed intensity
increment. The relations without regard to geologic setting suggests that
sites equidistant from the fault with average shear wave velocities of
about 250 m/s could expect to experience an intensity of approximately 2
units higher than sites with velocities near 1000 m/s. 1In addition, the
relations helps to establish that seismic velocity may be a significant
parameter for evaluating seismic hazards.,

Seismic Velocity vs. Measured Ground Response

To compare seismic velocities with ground response determined from
nuclear explosions, the average of the horizontal spectral amplification
curves (Borcherdt and Gibbs, 3) were plotted as a function of average
shear wave velocity to the bottom of the hole (Fig. 5). The data show a
strong correlation between shear wave velocity and measured
amplification. In particular, at sites with average shear velocities of
250 m/s, low-strain ground motions over the frequency band 0.5 to 2.5 Hz
are likely to be about seven times greater than those at sites with
velocities near 900 m/s.

The data from drill holes more than 100 m from the site of the
measured amplification show considerably more scatter, and this scatter
suggests that amplification effects are very localized and that care is
required in extrapolating site-specific measurements to a regional scale.

The data suggest that the seismic shear wave velocity of the upper 30
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meters of a surficial deposit plays a significant role in changing the
anticipated characteristics of seismic waves in certain frequency bands.

Geologic and Physical Properties of Seismically Distinct Units

Preparation of regional ground response maps requires utilization of
data available on a regional scale. In most urban areas this data base is
limited to standard geologic mapping. Most such maps, however, are
compiled for purposes of inferring geologic history and are not
immediately applicable to preparing special-purpose interpretive maps.
Mapped units commonly contain materials with a wide range of physical
properties and seismic characteristics.

In order to adapt the geologic data base for purposes of regional
seismic zonation, a detailed study was undertaken to investigate
correlations between geologic and physical descriptions of the various
units and seismic velocities (Fumal, 6). The study identified a suite of
physical properties of geologic materials that can be used to identify
seismically distinct units and can be readily determined in the field and
thus incorporated in geologic mapping schemes.

Seismic wave velocities were measured in each of the geologic map
units in the San Francisco Bay region. The range of seismic velocities
for a given unit is dependent on the variety of materials included in the
unit, which is largely a function of the age of the deposit. Each of the
Holocene map units shows a distinct and relatively narrow range of shear
wave velocity. Older sedimentary deposits and bedrock materials show
relatively wide and overlapping velocity ranges. For these materials, age
has been an important factor in defining geologic units. Differences in
age, however, frequently do not correlate with significant variation in
the physical properties that affect seismic velocities.

For the unconsolidated to semiconsolidated sedimentary units, texture
or relative grain size distribution was found to have the most significant
effect on seismic shear wave velocity. On the basis of texture alone, the
unconsolidated sedimentary deposits in the San Francisco Bay region can be
divided into four categories: (1) clay and silty clay, (2) sandy clay and
silt loam, (3) sand, (4) and gravel. Utilizing standard penetration
resistance measurements (SPR), the clay and silty clay unit and the sand
unit each can be subdivided into two additional units. Each unit
identified according to physical properties is clearly identifiable
seismically (lower abscissa Fig. 6, Table 1) with the exception of the
sand unit, which was classified separately because it is easily
distinguishable in the field and because its compaction varies over a
broad range. Each of the units identified according to texture and SPR is
also easily recognized in the field and should be readily differentiated
in areas that have existing geologic maps.

For the bedrock materials in the San Francisco Bay region, fracture
spacing was found to have the most significant effect on seismic shear
wave velocity for various rock types. Hardness has the second largest
effect and lithology can be used to distinguish between hard sedimentary
and igneous rocks like the sedimentary units, each bedrock unit identified
according to physical properties is seismically distinct (lower abscissa,
Fig. 7; Table 1). The seismically distinct bedrock units can not be so
easily mapped as the unconsolidated sediments because fracture spacing
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and hardness vary widely within many map units. For purposes of mapping

regional ground response, however, subdivision of the bSedrock materials is
not so important, and fewsr subdivisions may be adequate for many areas.

Methodology for Regional Maps

Regional maps depicting expected variations in ground response must be
based on data available on a regional scale. Geologic and physical
property data can be readily tied to more quantitative estimates of
ground response such as amplifications and intensity increments utilizing
seismic velocity data.

Intensity increments and amplifications are predicted for 11 of the 13
units in the San Francisco Bay region using relations in figures 4 and 5
(Table 1). Both the intensity increments and amplifications predicted are
easily distinguishable for the various units and show that a considerable
geographic variation can be expected in ground response to earthquake
generated shaking. These predictions, together with appropriate bedrock
attenuation curves from a potential earthquake source, provide a technique
for developing a preliminary but improved regional ground motion map for
the San Francisco Bay region. To prepare ground response maps for other
areas where similar intensity and amplification data are not available,
measurement of seismic velocities in a relatively few seismically distinct
units would permit extrapolation of the San Francisco data. A program is
currently under way to compare data in the San Francisco and Los Angeles
regions.
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A METHODOLOGY FOR PREDICTING GROUND MOTION AT SPECIFIC SITES
Ralph J. ArchuletaI, William B. JoynerII and David M. BooreIII
ABSTRACT

An important development in current research on earthquake ground
motion is the synthesis of ground motion records based on the physics of a
propagating fracture. Different techniques are used for generating
synthetic records depending upon the frequency range of interest. For
frequencies below about 1-2 Hertz we used a finite element method to
simulate a propagating fracture; for higher frequencies we used a
stochastic dislocation model. With the finite element method we have been
able to simulate a dynamic earthquake in a fully three-dimensional
geometry. We compute the ground motion from two hypothetical earthquakes
that differ only in their shear stress distribution with depth. On the
free surface we have contoured the maximum particle velocity. From such
contours one could approximate the areas most likely to suffer damage
during an earthquake. We have also used the fault slip generated by a
propagating stress relaxation as input for the stochastic model.
Acceleration is computed using a statistical source model in which the
amplitude of the dislocation-time function varies randomly along the fault
while the shape of the function and the rupture velocity are constant.

INTRODUCTION

One of the fundamental assumptions for any microzonation plan is
that one can realistically estimate the ground motion resulting from an
earthquake. We are developing methods for computing complete time
histories of earthquake ground motion from physical models of the source
and propagation path. We expect that the time histories will be useful,
not only in the detailed dynamic analysis of structures, but also in
estimating ground motion parameters, e.g., peak particle velocity and peak
particle acceleration, for microzonation purposes.

A major difficulty in making estimates of the ground motion in the
near field is that the frequencies of interest range from d.c. to tens of
hertz. In order to span this wide range of frequencies we have modeled
the earthquake source by using a three-dimensional, finite element model
of a propagating stress relaxation (1) in combination with a stochastic
propagating dislocation (2). The finite element provides estimates of the
dislocation time history (2). In addition the finite element method

I. Research Associate, U.S. Geological Survey, 345 Middlefield Rd.,
Park, CA. 94025

I1. Geophysicist, U.S. Geological Survey, 345 Middlefield Rd., Menlo
Park, CA, 94025.

III. Professor of Geophysics, Stanford University, Stanford, CA. 94305.
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provides estimates of particle displacement and particle velocity while
the stochastic dislocation gives some estimate of the particle
acceleration. The finite element method has been used successfully to
model real ground motion data from the 1966 Parkfield earthquake (3). In
this paper we illustrate the method by applying it to two hypothetical
earthquakes: the first has a shear prestress distribution that is uniform
over the width of the fault; the second has a prestress distribution that
varies with depth, Figure 1. A comparison illustrates the influence of
one of the important aspects of the earthquake source model.

METHODS

To simulate an earthquake in a prestressed medium we use the method
of Archuleta and Frazier (1) that allows the fracture to nucleate at a
hypocenter and spread with a prescribed rupture velocity over a given
finite-sized fault area embedded within a halfspace. As the fracture
spreads, it relaxes the stress enclosed by its rupture front. This model
was based on the generally accepted elastic rebound hypothesis (4) as the
mechanism for shallow, tectonic earthquakes. This method is fully
three-dimensional and the rupture surface may or may not intersect the
traction-free surface of the halfspace. Driven by the stress relaxation
the medium adjusts to the new stress state. The particle displacement and
particle velocity can be computed everywhere including the rupture surface
and the free surface.

To demonstrate that their numerical method correctly simulated the
physics of a propagating stress relaxation, Archuleta and Frazier (1)
compared their numerically computed dislocations for a circular fault in a
full space with the dislocations analytically determined by Kostrov (5)
for a continuously expanding circular stress relaxation. Until the
arrival of edge effects due to the finitemess of the fault in the
numerical method, the numerical and analytical dislocations showed
exceptional agreement including the square root behavior of the
dislocation at the arrival of the rupture front.

As an example of using such an earthquake model, together with the
response of a layered medium, Archuleta and Day (3) have computed
synthetic seismograms to compare with those recorded during the 1966
Parkfield earthquake at Stations 2, 5, 8 and 12 which were about .8, 3.4,
9.1, and 14 km off the fault, respectively. A comparison of displacement
time histories for Station 5 in the Cholame-Shandon array is shown in
Figure 2. One can see that the match between components is close. The
phases could probably be made to match better by adjusting the rupture
velocity. The other stations showed similar agreements between synthetic
and recorded displacements.

The frequency resolution of waves propagated using the finite
element method depends critically on the number of nodal points per
wavelength (6). Thus the finite element (and finite difference) methods
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cannot economically resolve the high frequencies found in acceleration
records. It can also be argued that on a scale of several hundred meters
which corresponds to wavelengths associated with a 10 Hertz wave that we
neither know the spatial variation of stress on the fault nor the
inhomogeneities of the medium. Thus we have chosen to estimate the high
frequencies from a propagating stochastic dislocation along a line at a
fixed depth. A representative dislocation function is selected from the
dislocations computed using the finite element stress relaxation. The
dislocation is propagated with the same velocity from the same
hypocenter. However, the amplitude of the dislocation is allowed to vary
randomly about a mean value calculated from the stress relaxation model.
The width of the fault is taken into account by assigning the dislocation
function a weighting factor related to the width used in the stress
relaxation problem.

EARTHQUAKE MODEL

We will model a strike-slip earthquake that occurs on a vertical
fault that is 32 km in length and 8 km in width. The plane of the fault
intersects the traction free surface of a homogeneous, isotropic, linearly
elastic halfspace. The halfspace is characterized by a comPTESSlonal wave
spged (a) 6.0 km/sec, shear wave speed (B) 3.5 km/sec and density of 2.7 x
10 kg/m . To de51gnate the spatial positions we use a Cartesian
coordinate system X with the origin at the midpoint of the
strike of the fault at %he %raction free surface, Figure 1. Components of
motion referred to as parallel, vertical and transverse are the components
in the X X directions, respectively. The fracture nucleates
at (0., % 6 ) and spreads radially over the fault surface with a rupture
velocity of 98 » Figure 1. As the fracture spreads it relaxes the 73]
component of stress.

We consider two different shear prestress distributions on the fault
as a function of depth (o (X )); however both shear stress
distributions have the same average value. We also assume that the
sliding friction stress does not vary with depth. The shear prestress
does not vary along the strike of the fault. The parameter g is the
magnitude of the difference between the tractions on the faul% before the
fracture nucleates and the tractions on the fault during sliding. Because
the sliding friction stress is uniform, o, varies with depth exactly as
does the prestress. The amplitude of the particle motion scales directly
with op (7).

RESULTS

To illustrate the particle motion on the fault we show in Figure 3
time histories of particle velocity for points starting at the hypocenter
and progressively moving toward the end of the fault on a line of constant
depth. An important feature for microzonation is that the amplitude of
the particle velocity increases in the direction of rupture propagation.
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As pointed out by Archuleta and Frazier (1) this focusing of energy is a
combination of both the directivity associated with a moving source (8)
and the buildup of stresses on the fault ahead of a subsonic rupture.
This focusing can be an important consideration in microzonation because
the largest amplitude ground shaking depends not only on the stress but
also the rupture velocity and its direction of propagation. It should be
mentioned that if the rupture nucleates at depth and propagates towards
the free surface, the particle velocity will increase in amplitude as it
approaches the free surface. The free surface has the additional effect
of nearly doubling the amplitude of the particle velocity should the
rupture front break through the surface (1).

To see how the earth's surface might respond to an earthquake we
have plotted contours of maximum horizontal particle velocity in Figure &
for the cases of uniform stress with depth and variable stress with
depth. Maximum horizontal particle velocity is calculated by first taking
the absolute value of the vector sum of the parallel and transverse
components of particle velocity for each node on the free surface for
every time step of the computation. The maximum value attained during the
entire process is then contoured using a linear interpolation between
adjacent nodes. Depending on what information is considered important
other variables such as peak displacement or maxima of individual
components of particle velocity could be contoured.

In order to provide numerical estimates of the peak horizontal
particle velocity we have assumed an average value for 4 of 55 bars for
both stress distributions. ¢. can underestimate the staEic stress drop
by about 20 to 25 percent (1) due to the inergial effects of a dynamic
rupture (9). With g of 55 bars,x= 3.3 X 10~ bars, a = 6 km/sec and
B= S 3.5 km/sec the contours are drawn at 0.9 m/sec, 0.8 m/sec, etc. Ome
can see that in the case of variable stress with depth the areas near the
ends of the fault have the highest values; whereas if the stress were
uniform over the entire fault, the distribution of horizontal particle
velocity is nearly uniform along the entire strike of the fault with a
gradual flaring of the contours near the ends. It should be pointed out
that the maximum values of horizontal particle velocity anywhere on the
free surface were 1.0 m/sec and 1.9 m/sec for the variable stress and
uniform stress, respectively. Thus the contour of 0.9 m/sec for a uniform
prestress not only encloses a larger area but also encloses larger values
of peak horizontal particle velocity. Although the uniform stress
produces larger values near the fault and over a larger area, the
differences in the contours between the uniform and variable stress cases
decreases with distance from the fault. At a distance of approximately
one fault depth the contours are almost indistinguishable. Although the
finite element propagating stress-relaxation can be used to compute
variables such as particle velocity and particle displacement, it is too
expensive an approach for computing particle acceleration where the
frequencies of interest are around 10 Hertz.
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To calculate particle accelerations we have characterized the source as a
propagating dislocation along a line at constant depth with the amplitude
of the dislocation varying randomly from point to point. The form of the
dislocation is derived from the dislocation computed in the stress
relaxation problem. Since the method of Joyner and Boore (2) is strictly
applicable only for the farfield, the dislocation rate rather than the
dislocation is necessary to compute the accelerograms. We have taken the
particle velocity function shown in Figure 3 at position (12., 5., 0.) as
a representative for the entire faulting process. Using the Green's
function for a full space and taking into account the free surface
interaction by applying complex plane wave reflection coefficients we have
computed accelerograms for the point(14.,0.,10.). A representative of the
ensemble of accelerograms based on the stochastic method is shown in
Figure 5. The acceleration records have been operated on by both the
instrument response of an accelerograph with a natural frequency of 20
Hertz and damping 0.6 critical and by an attenuation operator (10) using a
quality factor of 150 for shear values. The peak values of acceleration
are 0.52g, 0.22g, and 0.19g, for the paralle%, transverse and vertical
directions, respectively where g = 9.8 m/sec

The methods of computing ground motion presented in this paper are
approximations to our understanding of the earthquake source and the
propagation paths. Further refinement of these methods plus the
development of new techniques should lead to even better estimates of
ground motion near a propagating fracture.
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Figure 2. Comparison of synthetic (+) and recorded (-) ground motion
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Liquefaction Potential Map of San Fernando Valley, California
by

T.L. Youdl, J.C. Tinsleyz, D.M. PerkinsB, E.J. King4
and R.F, Preston”

ABSTRACT

Ground failure caused by liquefaction is a primary hazard associated
with earthquakes. A first step in avoiding or mitigating this hazard is
to recognize where liquefaction is likely to occur. A liquefaction
potential map has been compiled for the San Fernando Valley, California,
showing areas where conditions may be favorable for the development of
liquefaction. The map incorporates assessments of age and type of sedi-
mentary deposits, ground water depth, and expected seismicity into the
delineated zones. This map is useful to planners, building officials,
engineers, and others responsible for minimizing seismic risk because it
points out areas where potential hazards exist and where further investi-
gation, regulation, zoning, or other measures might be required. The map
is not sufficient for evaluation of the actual liquefaction potential at
an individual site. Site-specific geotechnical investigations are required
to make such an assessment.

INTRODUCTION

Ground failures generated by liquefaction have been a major cause of
damage during past earthquakes and pose considerable potential for damage
and injury during future temblors. For example, during the 1971 San
Fernando, California, earthquake, liquefaction-induced ground failures
inflicted irreparable damage to several buildings at the San Fernando
Valley Juvenile Hall and caused major damage to the partly completed
Jensen Water Filtration Plant. Such failures do not occur at random, but
rather are limited to certain geologic and hydrologic settings and to
certain types of materials. A threshold seismic shaking intensity is also
required to generate ground failure. This paper presents an analysis of
these factors and their geographical distribution in the San Fernando Valley
and a map to show general areas where potential for liquefaction and asso-
ciated ground failure may exist., Site-specific studies are required to
evaluate the potential beneath any specific parcel of land.

The procedure used to develop the liquefaction potential map is a
combination of the techniques proposed by Youd and Perkins (9) and Youd
and others’ (8). The technique of Youd and others was used to make a lique-
faction potential map for the southern San Francisco Bay area. The proce-
dure used here requires the development of two constituent maps, a lique-
faction susceptibility map and a liquefaction opportunity map. The sus-
ceptibility map delineates areas where liquefiable materials are most

Research Civil Engineer, U.S. Geological Survey, Menlo Park, Calif.
Geologist, U.S. Geological Survey, Menlo Park, Calif.
Geophysicist, U.S. Geological Survey, Golden, Colo.

M~ ow o N
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likely to occur. The opportunity map shows recurrence intervals for earth-
quake shaking strong enough to generate liquefaction in susceptible
materials. These maps are then superimposed to form a liquefaction poten-
tial map.

LIQUEFACTION SUSCEPTIBILITY MAP

The liquefaction susceptibility map developed herein incorporates
the following factors that affect liquefaction susceptibility: age and
type of sedimentary deposits; standard penetration resistance of cohesion-
less sediments; and depth to perched or other ground water.

Sedimentary Deposits

Analyses of historical occurrences of liquefaction, in general, indi-
cate that the more recently a sediment is deposited, the more likely it is
to be susceptible to liquefaction, and that certain types of deposits, such
as river channel and flood-plain deposits, are more susceptible to lique-
faction than other deposits, such as alluvial fan deposits (9). Grain size
distribution and packing also influence susceptibility. Sand and silty
sand are the textural classes most likely to be adversely affected. In
general, the more loosely the grains are packed, the more susceptible the
sediment is to liquefaction. Standard penetration resistance is commonly
used by engineers as an index of density of packing; the smaller the pene-
tration resistance, the more likely the sediment will liquefy.

The San Fernando Valley lies in the Transverse Ranges structural
province of southern California. The valley is an asymmetric basin filled
chiefly with Miocene and younger (less than 20 million years old) sedi-
mentary rocks. The relatively flat surface of the valley is underlain by
unconsolidated sediments of middle to late Pleistocene or younger age that
are as thick as 650 ft (200 m) (7). The exposed unconsolidated sediments
are herein subdivided into three units -- most recent Holocene sediments
(R), other Holocene sediments (H), and late Pleistocene deposits (P). The
distribution of these units is shown on the map in Fig. 1. The margins of
the basin comprise undifferentiated Pliocene to middle Pleistocene deposits
(TQ) which include the Saugus and Pacoima Formations of Oakeshott (4),
undifferentiated Tertiary sedimentary rocks (T), undifferentiated Mesozoic
sedimentary rocks (K), and pre-Tertiary igneous and metamorphic rocks in
the mountains mapped collectively as basement complex (BC).

Areas mapped as most recent Holocene sediments are chiefly those
known to have been flooded historically, where the most recent deposition
is known or presumed to have occurred. The primary data used to delineate
the extent of flooding include field notes and unpublished maps prepared by
the Los Angeles Flood Control District that show and describe areas inun-
dated during floods in 1934, 1938, 1941, 1943, 1944, 1952, 1954, and 1956.
Other data used include comparative photo-interpretive studies of 1928 and
1938, aerial photography at a scale of 1:24,000 or larger. The 1938 photo-
graphs were taken three to five months after the major floods of March, 1938.
Features on the photographs used to delineate areas of recent deposition
or flooding include changes in patterns of distributary channels or
alluvial fans, areas where row crops, roads and other cultural features
were washed out, areas adjacent to streams that were incised to depths less
than 5 ft (1.5 m), and areas characterized topographically by bar and swale
channel deposits. We have specifically excluded from the most recent
Holocene unit areas that were locally inundated along streets where culverts
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plugged and water simply backed up. In all cases, interpretations reflect
our efforts to identify and delineate the youngest stages of a very
youthful depositional system because these are most likely to contain sedi-
ments susceptible to liquefaction.

Areas mapped as other Holocene sediments are differentiated chiefly
on the basis of lack of record of recent inundation, a topographic position
slightly higher than the most recent Holocene unit and by undeveloped to
very weakly developed cumulative pedogenic soil profiles (chiefly entisols,
inceptisols, and vertisols) typical of Holocene deposits. Soil maps pre-
pared by the U.S. Bureau of Scils (2), and the U.S. Department of Agriculture
{(6) were the primary data used to delineate this Holocene unit.

Areas mapped as late Pleistocene deposits were differentiated on the
basis of morphology and pedological development. They generally are exposed
as topographic benches and terraces near the margins of the valley and on
the up-thrown side of thrust faults in the northern part.of the valley.

They are also characterized by surface soils with textural "B" horizonms.
Under present climatic conditions, to form such a soil profile requires a
period of development that began in Pleistocene time.

By the criteria set out in Youd and Perkins (9), water-saturated,
clay-free sediments in the most recent Holocene unit generally are expected
to have high susceptibility to liquefaction; clay-free sediments in the
other Holocene unit generally would be expected to have moderate suscepti-
bility, and clay-free sediments in the late Pleistocene unit would be
expected to have low susceptibility. The qualitative assessments of lique-
faction susceptibilities were further verified by comparing them with lique-
faction susceptibilities determined from standard penetration data. The
evaluation of liquefaction susceptibility from standard penetration data
followed the procedure previously used to compile a liquefaction potential
map for the southern San Francisco Bay region. Plots were made of standard
penetration resistance versus depth for the three youngest (R, H, and P)
sedimentary units. Thicknesses of the two Holocene units have been inferred
from descriptive logs of boreholes by identifying subsurface features such
as, (a) arn oxidized clay-rich layer which may indicate an ancient soil
horizon that likely formed on the late Pleistocene unit before deposition
of the Holocene unit, (b) an abrupt increase in penetration resistance not
caused by intersecting a gravel layer, and (c) an estimated maximum thick-
ness of the most recent Holocene unit of about 12 ft (3.6 m), based on
rates of vertical acretion.

Using the criteria developed for the southern San Francisco Bay region
(8), percentages of penetration data were grouped into high, moderate, and
low liquefaction susceptibility categories for each sedimentary unit
(Table 1). These categories are based on analyses developed in the
simplified procedure for evaluating soil liquefaction potential formulated
by Seed and Idriss (5) and analyses used by Youd and others (8) to map the
San Francisco Bay area. The high susceptibility category represents satu-
rated sediments that would be likely to liquefy in a nearby moderate
(M=6.5) earthquake (energy source within 10 mi or 16 km) or a distant, very
large (M=8) earthquake (energy source within about 60 mi or 100 km). The
moderate susceptibility category indicates sediments that might liquefy
during a nearby large (M=8) earthquake (energy source within 10 mi or 16 km).
Low susceptibility indicates sediments that should not liquefy even when
shaken by a nearby large earthquake. Assumptions made in deriving these
categories are the same as those used in the San Francisco Bay region (8)
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Table l.--Evaluation of liquefaction susceptibility in clay-free granular
layers from standard penetration data,

Sedimentary unit Percentage of standard penetration Number
data in susceptibility categories of tests
High Moderate Low
Most recent Holocene 6l 33 6 153
Other Holocene 39 49 12 618
Late Pleistocene 20 39 41 443

and include unit weight of 100 lb/ft3 (1.6 gm/cm3), a maximum surface
acceleration of 0.2 g and 10 significant loading cycles for the nearby
moderate (M=6.5) earthquake, and a 0.5 g maximum surface acceleration and

30 significant loading cycles for the nearby large (M=8) earthquake. The
influence of depth to water table was taken into account in the calculation.
These data (Table 1) show that saturated clay-free sediments in the youngest
unit can be expected to have high susceptibility to liquefaction; similar
sediments in the other Holocene unit can be expected to have moderate sus-
ceptibility; and saturated clay-free sediments in the late Pleistocene unit
generally have moderate or low susceptibility to liquefaction.

Ground Water Depth

One of the primary factors controlling the distribution of liquefiable
sediments in the San Fernando Valley is depth to ground water including
perched ground water. Liquefaction susceptibility generally decreases with
depth of the ground water table for two reasons: (a) The deeper the water
table, the greater is the normal effective stress acting on saturated sedi-
ments at any given depth. Liquefaction susceptibility decreases with
increased normal effective stress., (b) Age, cementation, and compactness
of sediments generally increase with depth. Each of these factors also
increases resistance to liquefaction. Thus, as depth to the water table
increases, and as the saturated sediments become older, more cemented,
more compact, and more stressed, the less likely they are to liquefy during
an earthquake,

A map showing depth to ground water, including perched ground water,
was prepared for part of the San Fernando Valley (Fig. 2). The lines on
the map are not contour lines in the usual connotation used by hydrologists,
i.e., an equipotential surface. Rather, they enclose areas where our data
show that either perched or unconfined ground water has been recently found
within the specified intervals of depth. This map was compiled from bore-
hole data and well information supplied by the several agencies and firms
acknowledged in this report. Because of sparsity of data in some areas
and variations in amounts and elevations of ground water, comstruction of
the map required considerable averaging, generalizing, interpolation, and
extrapolation., Where depth lines are not tightly constrained, they are
dashed; where they are speculative or positioned by factors other than
borehole and well data, they are queried. The following problems are among
those that arose in construction of the map. (a) Borings that intersect
the water table are sparse in many areas. (b) Water levels in some deep
wells may have been higher than the phreatic surface in the surrounding
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soil because of artesian pressures at depth. (c) Some measurements, parti-
cularly along freeways and certain major storm drains, were recorded as
much as 30 years ago, and water levels may have changed in the interim,
Where several measurements have been made in one well over a period of
years, the average of the measurements taken in the past seven years was
used. (d) Seasonal fluctuations in water levels perturb the consistency of
the data. (e) Irregular impermeable layers with poorly defined boundaries
commonly retain perched water. (f) Errors may have been made in measuring
water table levels in some boreholes. These difficulties were accounted
for and corrected to the extent possible, but space does not allow enumera-
tion here of these corrections.

With respect to depth to ground water, the following criteria were
applied to liquefaction susceptibility: For ground water depths less
than 10 ft (3.0 m), maximum possible susceptibility is very high. For
water depths between 10 ft (3.0 m) and 30 ft (9.1 m), maximum possible
susceptibility is high. For depths between 30 ft (9.1 m) and 50 ft (15.2 m)
maximum susceptibility is low. For water depths greater than 50 ft (15.2 m)
maximum possible susceptibility is very low. These criteria are based in
part on criteria suggested by Youd and Perkins (9).

Map Compilation

The criteria developed in the preceding section and summarized in
Table 2 were used to compile a liquefaction susceptibility map for the
San Fernando Valley. These criteria were applied to the data compiled
on Figs. 1 and 2 to derive the susceptibility map in Fig. 3. In order to
show better the detail with which this type of map can be constructed for
areas where sufficient data are available, a segment of the susceptibility
map is shown at larger scale in Fig. 4. Note that the susceptibility maps
presented here represent estimated average climatic conditions. Ground
water levels and hence susceptibilities are likely to be higher during wet
seasons and lower during extremely dry cycles.

Table 2.--Criteria used in compiling liquefaction susceptibility map

Sedimentary unit Probable susceptibility of clay-free granular
layers

Ground water depth, ft(m)

<30(9.1) 30(9.1)-50(15.2) >50(15.2)

Most recent Holocene High Low Very Low

Other Holocene Moderate Low Very Low

Late Pleistocene Low Low Very Low
Late Pliocene and

early Pleistocene Very Low Very Low Very Low

Tertiary Very Low Very Low Very Low
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Fig. 4. FEnlarged liquefaction susceptibility map for Tarzana area of the
San Fernando Valley, California. Susceptibility categories same as Fig.
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Fig. 5. Seismic source zones in the vicinity of the San Fernando Valley.
Only zones 2,4,13, and 17 are significant to liquefaction opportunity in
the San Fernando Valley. San Fernando Valley (hachured area) lies in the
eastern corner of zone 4. San Andreas fault province corresponds to zone 4.

Table 3.--Normalized seismic parameters for source zones

Zone Number of intensity b-value for epi- Maximum Maximum
No. V's/100 yrs/10% km central intensity~ intensity magnitude
N b I M
I 0 C
2 60.6 -.40 up to XI XII 8.5
then flat
3 12.5 -.45 X1 7.9
4 24.2 -.45 XI 7.9
13 129,65 -.45 XI 7.9
14 136.56 =45 XI 7.9
15 - -.53 VIII 6.1
16 20.8 -.50 X 7.3
17 70.4 =45 XI 7.9
18 2.5 -.50 X 7.3

lModified Mercalli Intensity

2b—value for magnitude (bM) = 0.6 bI

Liquefaction Opportunity Map

A liquefaction opportunity map delineates recurrence intervals for
earthquake shaking strong enough to produce liquefaction in susceptible
materials. Information needed to compile an opportunity map includes an
estimate of frequencies, magnitudes, and location of expectable future
earthquakes and a relation between earthquake source characteristics and
the distance from the source to the bound of a zone encompassing sites
where liquefaction could be generated. The estimated earthquake sources
and frequencies of occurrence in the San Fernando Valley region used in
this study (Fig. 5, Table 3) are those previously defined by Algermissen
and Perkins (1). The distance relation used is that given by Youd and
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Perkins (9). The liquefaction opportunity map plotted on Fig. 6 was
derived from these two sets of information., The map shows the return
period (inverse annual probability) for liquefaction opportunity from the
San Fernando Valley north to the San Andreas fault, The liquefaction
opportunity varies only about 20 percent over this area and is effectively
constant across the San Fernando Valley; the return period is about 46
years., Figure 7 shows the contribution of the various sources to the
annual probability along a meridian section of the map in Figure 6. 1In
general, earthquakes of magnitude less than 6 contribute an insignificant
amount to the overall probability of liquefaction. Roughly half of the
contribution comes from large-magnitude events occurring locally in the
Transverse Ranges province (zone 17, fig. 5) and along the San Andreas
fault (zone 2, fig. 5). This contribution is roughly constant across the
San Fernando Valley. Large-magnitude events occurring near the Garlock
fault to the north are balanced by large-magnitude events occurring south
of the Transverse Ranges. As the effect of one region decreases across
the San Fernando Valley, the effect of the other region increases.

Liquefaction Potential Map

Superpcsition of the maps in Figs. 3 and 4 with the map in Fig. 6
yvields a liquefaction potential map. In this instance, the return period
is constant at 46 years across the area in question, and hence no return
period contours appear on the San Fernando Valley area. Thus, for a 46-
year return period, the maps in Figs. 3 and 4 show the areas where strong
ground shaking is likely to produce liquefaction in sediments with high
susceptibility.

SUMMARY AND CONCLUSIONS

A liquefaction potential map has been compiled for the San Fernando
Valley, California. The map incorporates assessments of age and type of
sedimentary deposits, ground water depth, and expected seismicity into the
delineated zones. This map is useful to planners, building officials,
engineers, and others responsible for minimizing seismic risk by pointing
out areas where potential hazards exist and where further investigation,
regulation, zoning, or other measures might be required. The map is not
sufficient for evaluation of the actual liquefaction potential at an
individual site. Site specific geotechnical investigations are required
to make such an assessment.
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PRELIMINARY ASSESSMENT OF SEISMICALLY INDUCED LANDSLIDE SUSCEPTIBILITY

by

I
D. K. Keefer™, G. F. WieczorekII, E. L. HarpI and D. H. TuelIII

ABSTRACT

Earthquake-induced landslides have taken a large toll in loss of
life and property. We are currently engaged in studies aimed at deter-
mining which types of landslides are most common during earthquakes and at
establishing criteria for mapping susceptibility of slopes to earthquake-
induced landsliding. This preliminary summary of our findings deals pri-
marily with the types and abundance of landslides that occurred during
15 historic earthquakes. Preliminary criteria have also been developed
for mapping susceptibility to some kinds of landsliding, and these
criteria are used herein to prepare an experimental susceptibility map of
an area near San Francisco, Calif.

INTRODUCTION

On Sunday afternoon, May 31, 1970, an earthquake of magnitude 7.7
struck Peru. The shock caused a large mass of ice and rock to break away
from Mount Huascaran, the highest mountain in the Peruvian Andes. The
debris cascaded 600 m down the steep upper slopes of the mountain and
landed on the surface of a glacier. It accelerated as it slid across the
glacier and poured into the Llanganuco Valley. Below it lay the towns of
Yungay and Ranrahirca. Mixed with glacial ice, surface water, and satu-
rated soil, the mass became a huge debris flow and swept down the valley
at velocities of 280 to 400 km per hour (28). Eleven kilometers from its
source, a relatively small lobe of debris splashed over a ridge 200 to
250 m high and buried the town of Yungay. Almost simultaneously, the main
debris lobe crashed into Ranrahirca, devastating it and the small villages
around it. Within four minutes the landslide had killed more than 18,000
people (28).

Past Ranrahirca, the debris followed the Llanganuco Valley to its
confluence with the Rio Santa. It then turned and flowed down the Santa
Valley for more than 50 km, inundating many agricultural fields and
causing extensive damage to dwellings, highways, communication networks,
and a hydroelectric facility. The Peruvian earthquake was one of the most
destructive shocks in recent history, and this single landslide caused
approximately 407 of the deaths and a large but undetermined portion of
the property damage attributed to that shock (28).

Geologic and historic evidence indicated that Yungay and Ranrahirca
were in areas of severe landslide hazard. Eight years earlier, a debris
flow not triggered by an earthquake had buried Ranrahirca, killing approx-
imately 4,000 people. In fact, during the 30 years before the earthquake,
eight destructive rock fall-avalanches and debris flows had occurred in
the Santa Valley (28). None of these landslides were triggered by earth-
quakes indicating that the landslide hazard is acute there even under non-
seismic conditions. According to geologic evidence, many large prehistoric

I Geologist, U. S. Geological Survey, Menlo Park, Calif.
II Research Civil Engineer, U. S. Geological Survey, Menlo Park, Calif.
III Clerk-Typist, U. S. Geological Survey, Menlo Park, Calif.
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avalanches and flows also occurred in this area, and Yungay itself was
probably built on a flow or avalanche deposit (28). If this evidence had
-been properly evaluated and acted on before the earthquake, the catas-
trophes at Yungay and Ranrahirca might have been averted by moving the
comnunities to safer areas.

Many hundreds of thousands of landslides have been triggered by
earthquakes, and they have caused enormous losses of life and property.
Many landslides occurred in areas where the historic evidence of landslide
hazard was not as clear as in the Mount Huascaran area. In fact, many
occurred in areas with little or no record of slope instability under
nonseismic conditions. We are, therefore, presently studying data from
historic earthquakes to determine which types of landslides are most
commonly triggered by earthquakes and which geologic environments are most
susceptible to seismically triggered slope failure. Our goal is to apply
this kind of information to the development of criteria for mapping earth-
quake-induced landslide susceptibility. Our results are preliminary.

This paper presents data on landslides in 15 historic earthquakes and an
experimental susceptibility map prepared as a demonstration of how cri-
teria developed in this study can be used.

LANDSLIDE OCCURRENCE DURING HISTORIC EARTHQUAKES

Landslide data have been compiled (Table 1) from 15 historic earth-
quakes which range in size from the great M 8.6 Kansu, China event of 1920
to the moderate-size M 5.7 Fortuna-Rio Dell, Calif. shock of 1975. We
have participated in field investigations following the 1977 San Juan,
Argentina, the 1976 Guatemala (11) and the 1975 Fortuna-Rioc Dell (18)
earthquakes. TFor the other earthquakes, we have relied almost exclusively
on published reports.

Landslide names used in Table 1 conform to those of Varnes (33),
which is a revision of Varnes' earlier landslide classification system
(32). One major difference in terminology between this report and that of
Varnes (33) is in the use of the term "landslide." 1In this report, all
types of slope failures, including falls, avalanches, and flows as well as
true slides are considered types of landslides. In Varnes (33), "slope
movement' is the general term used to denote all types of movement. In
some of the categories in Table 1, two or more types of landslides are
lumped together because the published data did not permit more subdivision.

Only landslides that were clearly outlined and that moved far enough
to form clearly identifiable deposits were included in Table 1. Thus,
sets of cracks or fissures that may have been incipient landslides were
not considered. Where more than one type of material or more than omne
mode of movement were involved in the landslide, it was classified by the
predominant material and mode of movement.

Abundances of landslides are grouped into three classes in Table 1.
Data on landslide abundances were not always expressed quantitatively in
published reports, so in many cases judgments were based on brief accounts
of the geographic limits of the regions within which landsliding occurred-
and our estimates of the number of landslides per unit area in these
regions. Geographic coverage of post—earthquake investigations was pro-
bably not complete for the 1920 Kansu, 1960 Chile, 1931 Hawke's Bay, or
1968 Inangahua earthquakes, so the information in Table 1 may underesti-
mate the true extent of landsliding for those events. Relative abundance
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categories are defined in Table 1. Because of limitations in the data,
numbers used to divide the categories should be regarded as first-order
approximations. Classifications based on numbers of landslides rather
than on area were applied wherever possible.

The number of landslides triggered by an earthquake correlates
strongly with earthquake magnitude., The M 8.4 Alaska earthquake of 1964
probably triggered more landslides than any other seismic event in recent
history. In Alaska, landslides were reported from an area of more than
210,000 km“, which is equivalent in size to half the state of Califormnia
(19, 31). At the other end of the scale in Table 1, the M 5.7 Fortuna-Rio
Dell event of 1975 caused only one large rock fall and a few small debris
slides. The Fortuna-Rio Dell earthquake should not be regarded as the
lowest magnitude event to cause landsliding. Smaller shocks have trig-
gered landslides, but we have not yet evaluated data from smaller earth-
quakes.

In Table 2, landslides in the various categories are ranked on the
basis of their total abundance in the earthquakes listed in Table 1. The
ranking was developed by assigning a numerical value to the abundance
classification of each landslide category in each earthquake: E=3, M=2,
S=1, No symbol=0. For each category, these numbers were totaled for all
15 earthquakes. The landslide categories were then ranked in order from
highest total wvalue through lowest.

TABLE 2: RELATIVE ABUNDANCE OF DIFFERENT TYPES OF LANDSLIDES.

Most Abundant Falls and shallow, disintegrating slides in rock
Avalanches, falls, and shallow disintegrating slides
in soil

Lateral spreads

Cut-slope failures

Slumps and block slides in soil

Slumps and block slides in rock

Wet flows

Rock fall-avalanches I

Liquefaction-induced landslides in artificial £fills

Re~activation of dormant landslides

Landslides in artificial fills not due to liquefaction
Least Abundant Sub-aqueous landslides

The most abundant types of landslides were not necessarily the most
damaging. The distribution of landslide, damage in past earthquakes is
partly due to the location of dwellings or other comstructed works in
certain landslide source areas or in the paths of certain landslides.
However, landslides of several types do appear to have an inherently high
potential for causing damage either because they tend to be large, because
they tend to move long distances at high velocities, or both. On the
basis of data from the 15 earthquakes listed in Table 1, the most hazard-
ous landslides in natural materials are rock fall-avalanches, debris ava-
lanches, wet flows, sub-aqueous landslides, and lateral spreads. Fortu-
nately, some of these types of failures occur in relatively small numbers,

I TIdentical total numerical value
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LANDSLIDE DESCRIPTIONS

Rock fall-avalanches: Rock fall-avalanches are large landslides
that travel long distances at high velocities. The Mount Huascaran rock
fall-avalanche contained 90 million m” of material and flowed more than
60 km at velocities up to 400 km per hour. Nearly all of the rock fall-
avalanches listed in Table 1 originated on steep mountain slopes that were
hundreds of meters high. Most of these slopes were oversteepened by
active fluvial or glacial erosion. The failures occurred in a wide
variety of rock types. They were particularly common in closely jointed
or deeply weathered rock, many broke loose where planes of weakness
dipped out of slopes, and many occurred in unsaturated materials.

Slunps and block slides in rock: Deep-seated slumps and block
slides are less common during earthquakes than rock falls and shallow,
disintegrating rock slides. They commonly originate on steep slopes, but
some continue to move on surprisingly gentle slopes. For example, two
block slides triggered by the 1968 Inangahua earthquake moved on shear
planes that dipped about 4° (21,22,23). Many slumps and block slides
disintegrate into avalanches, but because of their relatively small size
and short distance of travel, they generally are not as hazardous as rock
fall-avalanches.

Rock falls and shallow, disintegrating rock slides: Landslides of
these types are the most abundant slope failures listed in Table 1. It
also appears that most shallow rock slides and falls originate on slopes
of 35° or steeper (11,30). These landslides are particularly common in
rocks that are poorly cemented, closely jointed, or highly weathered.

Many slopes where these landslides occur have talus accumulations at their
bases below where the earthquake-induced landslides originate (19,30,31).

Falls, avalanches, and shallow, disintegrating slides in soil: On
December 16, 1920, a large earthquake shook Kansu Province in China, parts
of which were underlain by thick deposits of loess. Loess is a windblown
silt held together by a clayey or calcareous binder. Under nonseismic
conditions, it is capable of standing in high, nearly vertical slopes.

The earthquake apparently disrupted the binder holding the loess particles
together. The result was probably the most spectacular and destructive
series of earthquake-induced landslides in recent history. Whole villages
and towns were buried by huge loess avalanches, and many valleys were
filled with debris. These landslides were responsible for a large

portion of the 200,000 deaths attributed to the shock (5).

The 1976 Guatemala earthquake also triggered thousands of soil ava-
lanches and slides in a weakly cemented material that forms steep, high
slopes under nonseismic conditions (11). There, the susceptible material
is a soil derived from volcanic pumice (11). In many other earthquakes,
soil avalanches, falls, and shallow, disintegrating slides have occurred
in unsaturated, sandy or silty soils with little or no cohesion. The
landslides take place most commonly on steep stream banks, ridge flanks,
and artificial cuts (3,7,8,10,16,17,19,26,28,31,36).

Slumps and block slides in soil: Deep-seated soil slumps and block
slides have also been triggered by many earthquakes listed in Table 1 (3,
16,17,19,20,21,26,28,31,36). They take place in soils derived from many
different types of rocks, and they originate on moderate to steep slopes.
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Many earthquake-induced slumps and block slides occur in regions where
landslide deposits are already abundant (3,16,17,36).

Re-activation of dormant landslides in soil: A surprisingly low
number of dormant landslides in soil were re-activated by the earthquakes
listed in Table 1. 1In part, this low number reflects the lack of data on
pre-earthquake landslides in many areas. However, the data are remarkably
consistent and hold true even for areas such as Guatemala (11), San
Fernando (16,17), and Fortuna-Rio Dell (18) where the pre-earthquake
landslide distribution was known and where the landslide distribution was
re-examined after the shock, It appears that earthquakes do not reacti-
vate large numbers of dormant landslides in soil.

Lateral spreads: Lateral spreads are characterized by coherent
blocks of material that move laterally on layers of liquefied sand or silt
or of weakened, sensitive clay. The blocks commonly break up along
internal fissures, and they may also rotate or subside. The large lateral
spread at Turnagain Heights in Anchorage, Alaska was one of the more des-
tructive landslides triggered by the 1964 earthquake (19,24,31). It
started at the edge of a steep, flat-topped, coastal bluff, 20 m high, and
progressively retrograded back from the face. It caused irreparable
damage to 72 houses. The lateral movement took place primarily on a
layer of sensitive clay, but liquefaction in sand and silt lenses almost
certainly contributed to the failure (19,24,31). Similar, large lateral
spreads from steep, high bluffs also took place during the 1811 New Madrid
(10) and 1970 Chile earthquakes (26). Lateral spreads also occurred in
areas of generally low relief such as river flood plains and deltas
during several earthquakes (10,19,20,26,31,35,36).

Many seismically triggered lateral spreads, wet flows, and sub-
aqueous landslides (see below) are caused by liquefaction. Techniques of
assessing liquefaction susceptibility on a regional basis have been
developed by others (37) and are briefly summarized here. Liquefaction
commonly develops in saturated, cohesionless sediments such as sands and
silts, The liquefaction susceptibility of a deposit is related to its age
and depositional environment. River channel deposits, deltaic deposits,
and uncompacted fills less than 500 years old have the highest liquefac-
tion susceptibility. Other materials with a significant susceptibility
to liquefaction include Holocene flood plain, fan delta, lacustrine,
colluvial, dune, loess, and tephra deposits, and several materials depo-
sited in coastal environments (37).

Wet flows: Wet flows are composed chiefly of saturated soils that
lose much of their internal cohesion during earthquakes. Flows have been
triggered by several earthquakes. Most originated in sandy or silty soils,
and many formed where the slope was only a few degrees. Because they can
travel long distances at high velocities, they are significant hazards in
many areas. Methods of assessing the susceptibility of a soil to lique-
faction-induced flow failure are discussed by Youd and Perkins (37).

Sub~aqueous landslides: Sub-aqueous landslides triggered by the
1959 Hebgen Lake (30), 1960 Chile (26), 1964 Alaska (19,31), and 1976
Guatemala (12) earthquakes were complex features involving a combination
of slumping, lateral spreading and flow. The most common failure environ-
ments were the fronts of deltas or fan deltas, and most sub-aqueous slides
were caused, at least partially, by liquefaction. In the Alaska earth-
quake, massive sub-aqueous slides severely damaged the towns of Valdez,
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Whittier, Seward, and Homer (19,31). At least five sub-aqueous landslides
in the Valdez area, but not in Valdez proper, had occurred during earth-
quakes in the preceding 70 years. Largely as a result of the 1964 slide
the town was relocated on a non-liquefiable site (19,31). The relatively
small number of reported sub-aqueous landslides during earthquakes (Table
2) probably reflects, in part, the difficulty of observing landslides of
this type.

Cut-slope failures: Cuts increase landslide susceptibility by
locally increasing slope steepness and by disturbing material adjacent to
the cuts, Cut-slope failures are widespread during earthquakes (3,7,11,
16,17,19,20,26,28,30,31,36).

Landslides in artificial fills: The most damaging failures in arti-
ficial fills have been caused by liquefaction (26,36,37), and these have
occurred most frequently in uncompacted saturated sandy fills (37). 1In
addition, much damage to artificial fills has been caused by liquefaction
in subjacent materials (19,31). Other landslides not induced by lique-
faction have occurred in artificial fills during earthquakes (3,7,16,17,20,
26,28,36). Most failures of this type were small slumps or debris slides.
The relatively small number of reported landslides in artificial fills is
due, in part, to the fact that artificial fills are much less abundant
than natural slopes.

SUMMARY OF LANDSLIDE TYPES AND FAILURE ENVIRONMENTS

Our study has identified several types of landslides that are
triggered by earthquakes and some environments in which failures occur.
Our preliminary findings are summarized in Table 3. As our study pro-
gresses, we anticipate that other environments with high susceptibilities
to seismically induced landsliding will be identified and that cate-
gories listed in Table 3 will be refined and subdivided for better
assessments,

PRELIMINARY MAP OF SEISMICALLY INDUCED LANDSLIDE SUSCEPTIBILITY OF THE
LA HONDA AREA

Figure 1 is an experimental susceptibility map of an area near the

town of La Honda, in the Santa Cruz Mountains, 40 km south of San Francisco,
Calif. The map was prepared to demonstrate how the preliminary criteria
summarized in Table 3 can be used to evaluate susceptibility to earthquake-
induced landsliding. The preliminary La Honda map (Fig. 1) is subject to
revision as our study of landsliding during historic earthquakes progresses.
Furthermore, it is a regional map which shows only zones where unfavorable
site conditions may exist. Local site conditions, not determined in this
study, govern whether specific sites within these zones are actually sus-
ceptible to failure. Therefore, it is not intended for use in determining
the susceptibility to failure of any given site. Any such site-specific
assessment should be carried out by a professional engineering geologist.

Data on the La Honda area came from a detailed engineering geologic
field investigation (34), a published map of unconsolidated Quaternary
materials (13), and a computer—generated slope map. On the basis of this
information and our review of landsliding during historic earthquakes,
three types of zones with high susceptibilities to earthquake-induced
landslides were identified (Fig. 1). These are areas with slopes greater
than 35°, areas underlain by saturated sandy and silty Holocene alluvium,



and areas underlain by active and recently active landslides (34).
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Land~

slides judged to be dormant (34) are not included in the zones of high

susceptibility,

TABLE 3:

PRELIMINARY ASSESSMENT OF SEISMICALLY INDUCED
LANDSLIDE SUSCEPTIBILITY

LANDSLIDE TYPES

SOME ENVIRONMENTS IN WHICH LANDSLIDES ARE LIKELY
TO OCCUR

Rock fall-avalanches

Very steep, very high slopes that are composed
chiefly of deeply weathered, closely jointed,
or highly sheared rock and that are being over-
steepened by active erosion

Slumps and block
slides in rock

Moderate to steep slopes in many different types
of rock

Rock falls and
shallow, disinte-
grating rock slides

1. Rock slopes steeper than 35°

2., Rock slopes with talus accumulations at their
bases

3. Slopes containing weathered, sheared, or
closely jointed rock

Falls, avalanches,
and shallow, dis-
integrating slides
in soil

1. Steep, high slopes containing certain kinds of
weakly cemented materials such as some kinds
of loess and some volcanic pumice soils

2, Steep ridge flanks and stream banks containing
unsaturated sandy or silty soils with little
or no cohesion

Slumps and block
slides in soil

Moderate to steep slopes in soils derived from
nany different types of rocks, particularly
in areas with abundant, preexisting landslide
deposits

Re-activation of
dormant landslides
in soil

Only relatively small numbers of dormant land-
slides are re-activated by earthquakes

Lateral spreads

1. Areas of generally low relief underlain by
many different kinds of unconsolidated sat-
urated Holocene sandy or silty materials

2. Steep, high bluffs containing layers of sensi-
tive clay or liquefiable sand or silt as
defined in 1. above

3. Uncompacted saturated sandy artificial fills

Wet flows

Steep to yvery gentle slopes underlain by some
kinds of saturated sandy or silty soils
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TABLE 3: (con't.)

TYPES (con't.) ENVIRONMENT (con't.)
Sub-aqueous Fronts of deltas or fan deltas, particularly in
landslides areas underlain by saturated, liquefiable

sand or silt

Cut-slope failures Artificial cuts

Liquefaction- Uncompacted, saturated, sandy fills
induced landslides
in artificial fills

Landslides in arti- Many different types of fills
ficial fills not
caused by lique-
faction

CONCLUSIONS

Predominant types of earthquake-~induced landslides and some environ-
ments with high susceptibilities to failure have been identified from data
about 15 historic earthquakes. Landslides that occurred in greatest
numbers in the 15 earthquakes were: falls and shallow, disintegrating
slides in rock; falls, avalanches, and shallow, disintegrating slides in
soil; lateral spreads; cut—-slope failures; slumps and block slides in soil;
and slumps and block slides in rock. Many other kinds of earthquake-in-
duced landslides occur relatively infrequently but have high inherent
potentials for causing loss of life and property. Landslides that have
caused extensive loss of life or property during historic earthquakes
include rock fall-avalanches, soil avalanches, lateral spreads, wet flows,
sub—aqueous landslides, and liquefaction-induced landslides in artificial
fills. Some environments with high susceptibilities to seismically induced
landsliding have been identified on a preliminary basis. As our studies
progress, it is anticipated that these categories will be refined and that
new environments with high susceptibilities will be identified.
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FIGURE 1: PRELIMINARY SEISMICALLY INDUCED LANDSLIDE SUSCEPTIBILITY
MAP OF THE LA HONDA ARFA
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EARTHQUAKE LOSSES TO BUILDINGS
IN THE
SAN FRANCISCO BAY AREA

by
. . I , II
S. T. Algermissen and K. V. Steinbrugge
ABSTRACT

Losses in the San Francisco Bay area are simulated for five broad
classes of buildings which include the majority of building types found in
the area. Losses are expressed in terms of the average percentage of the
total actual cash value required to fully repair, in kind, any building in
a particular building class. The inventory of dwellings was obtained from
census data, and the inventory for buildings other than dwellings is derived
from land-use classification in the San Francisco Bay area supplemented by
minimal field work. Long-term annual losses for the various building
classes range from 0.1 to 1.6 percent. For a large earthquake on the San
Andreas fault, the range in percent loss is about 5.0 to 25 percent,
depending on the building class. The 1970 value of dwellings in the nine-
county Bay area was $30.289 billion. Annual average losses to dwellings is
estimated at $271 per dwelling. The average loss per dwelling as a result
of a large earthquake on the San Andreas fault would be about $1,355; the
total loss (1970), about $1.5 billion.

INTRODUCTION

The primary economic losses to buildings as a result of earthquakes
depend on three principal factors: (1) the spatial distribution of the
various kinds of buildings exposed to ground shaking and geological
hazards (landslides, liquefaction, surface faulting, etc.); (2) the
spatial distribution of earthquake shaking and geological hazards asso-
ciated with an earthquake; and (3) the susceptibility of each building
class to loss. The purpose of this study is to present a methodology for
the estimation of losses to buildings other than dwellings to complement
earlier studies of single-family dwellings and to provide a general
technique for the estimation of (a) total losses.from single large earth-
quakes and (b) average losses resulting from earthquakes over a period of
time. The nine-county San Francisco Bay area (fig. 1) is used to test the
methodology for the calculation of losses resulting from earthquakes. The
losses computed are expressed in terms of percent loss by class of con-
struction. The percent loss is defined here to mean the average percentage
of the total actual cash value required to fully repair, in kind, any
building of a particular class represented by a particular degree of
Modified Mercalli Intensity Scale. Only losses assoclated with ground
shaking are estimated.

I Geophysicist, U.S. Geological Survey, Denver, Colorado.
IT Manager, Earthquake Department, Insurance Services Office, San
Francisco, California.
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METHODOLOGY

Losses to buildings other than one- to four-family dwellings have been
calculated as follows:

(1) The spatial distribution of buildings throughout the nine-county
area is approximated by class of construction for each U.S. Census
Tract in the study area.

(2) Relationships are developed between percent loss (as previously
defined) and the various degrees of the Modified Mercalli (MM)
Intensity Scale~--the measure of ground shaking used in this study.

(3) MM intensities for each census tract are determined for (a) individual
earthquakes of interest and (b) ensembles of earthquakes.

(4) The results from (1), (2), and (3) are used to calculate the loss to
each class of construction that can be attributed to the occurrence of
a particular earthquake or series of earthquakes.

For example, the percent loss to buildings in, say, class C, due to a
particular earthquake, is

L [B(C), 1L (D),] 1)
i
where:

P(C)i = percent of the buildings of class C in the nine-county area
that are located in census tract (i)

LC(I)i = percent loss to buildings of class C when shaken at MM
intensity I in census tract (i).

The summation is made over the census tracts of interest.

Methods for the estimation of earthquake losses to dwellings in
California were developed in earlier studies (references 1, 2, 3, 4), and
so no detailed description of the methods will be given here.

BUILDING CLASSIFICATION

An abridged description of the building classification used in this
earthquake-loss simulation study is shown in table 1. These classifica-
tions are similar to those used by the majority of the property-casualty
insurance companies in the United States and have the advantage of over 50
years experience, including testing after earthquakes.
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Table 1.--Building classification used in this study

Notation used
in loss tables

Brief description of subclasses of five broad building classes

3 and 4

1A Wood-frame and frame-stucco dwellings.

1B Wood-frame and frame-stucco buildings not qualifying under 1A (usually large-area nonhabitational
units); (not considered in this study).

2A One story, all metal; floor area less than 20,000 feet?.

2B All metal buildings not considered under 2A.

3LA Steel frame, superior damage-control features; less than four stories.

3LB Steel frame; ordinary damage-control features; less than four stories.

3Lc Steel frame; intermediate damage-control features (between 3LA and 3LB); less than four stories.

3LD Floors and roofs not concrete; less than four stories.

3HA, 3HB, Descriptions are the same as for 3LA, 3LB, 3LC, and 3LD except that buildings have four or more

3HC, 3HD stories.

4LA Reinferced concrete; superior damage-control features; less than four stories.

4LB Reinforced concrete; ordinary damage-control features; less than four stories.

4LC Reirforced concrete; intermediate damage-control features (between 4LA and 4LB); less than four
storiles.

41D Precast reinforced concrete, lift slab, less than four stories.

4LE Floors and roofs not concrete, less than four storiles.

4HA, 4HB, Descriptions are the same as for 4LA, 4LB, 4LC, 41D, and 4LE except that buildings have four or

4HC, 4HD, 4ME

5A

58

5C

5D

SE

5F

more stories.

Dwellings, not over two stories in height, constructed of (a) poured-in-place reinforced concrete,
with roofs and second floors of wood frame or (b) adequately reinforced brick or hollow-concrete-
block masonry, with roofs and floors of wood (not considered in this study).

One-story buildings having superior earthquake damage-control features, including exterior walls of
(a) poured-in-place reinforced concrete, and (or) (b) precast reinforced concrete, and (or) (c)
reinforced brick masonry or reinforced-concrete brick masonry, and (or) (d) reinforced hollow-
concrete-block masonry. Roofs and supported floors are of wood or metal-diaphragm assemblies.
Interior bearing walls are of wood frame or any one, or a combination, of the aforementioned wall
raterials.

One-story buildings having construction materials listed for Class 5B, but with ordinary earthquake
damage-~control features.

Buildings having reinforced concrete load-bearing walls and floors and roofs aof wood, but not
qualifying for Class 4E; and bulldings of any height having Class 5B materials of construction,
including wall reinforcement; also included are buildings with roofs and supporred floors of re-
inforced concrete (precast or otherwise) not qualifying for Class &.

Buildings having unreinforced solid-unit masonry of unreinforced brick, unreinforced concrete brick,
unreinforced stone, or unreinforced concrete, where the loads are carried in whole or in part by the
walls and partitions. Interior partitions may be wood frame or any of the aforementioned materials.
Roofs and floors may be of any material. Not qualifying are buildings having nonreinforced load
walls of hollow tile or other hollow-~unit-masonry, adobe, or cavity construction.

Buildings having load-carrying walls of hollow tile or other hollow-unit-masonry construction, adobe,
and cavity-wall construction, and any building not covered by any other class (not considered in this
study).
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BUILDING INVENTORY

(1)

(2)

(3

(4)

(5)

(6)

The inventory was developed in the following manner:

A direct correlation was assumed to exist between specific building
classes and land-use designations. For example, large-area buildings
that constitute subclass 2B, all-metal structures, are usually aircraft
hangars, steel plants, major manufacturing facilities, or large ware-
houses, and, accordingly, are situated in land-use areas primarily
zoned for industrial purposes. This assumption makes possible the
determination of the geographic distribution of building classes
throughout the study area. Modification of this assumption for any one
building class or subclass was made on the basis of field sampling and
personal knowledge.

All building classes and building values were assumed to be uniformly
distributed within the designated mapped zones. An equal distribution
of building value is reasonably consistent with policy assumed in
zoning ordinances formulated by the respective county planning commis-
sions and regional agencies. This assumption was modified when field
sampling and personal knowledge of the authors indicated that it gave
obviously incorrect results.

Nonconforming uses are not included in the geographic distribution of
building classes. In addition, small isolated pockets of semicommer-
cial developments in suburban areas are not considered. In comparison
to the major commercial areas tabulated, the values of these semi-
commercial developments are relatively insignificant. Insofar as
possible, their values are included in the nearest major commercial
area and are accounted for by a factor related to population distri-
bution based on the 1970 census. In any event, visual surveys indicate
that, except for the all metal gasoline service stations located in
these random pockets, the majority of these structures are wood-frame
buildings.

Land-use data obtained from the "Atlas of Urban and Regional Change"
(5) were plotted on the 'Census Tract Outline Map' (6), and the land-
use designations were converted to the appropriate building class.
Data compatibility with the respective land-use maps provided by the
various county planning commissions was confirmed by cross-checking
data sources. Mapped results were partially verified through data
collected from the detailed city and street maps available for urban
centers located in the San Francisco Bay area.

Final mapping results were checked using visual field surveys of
critical areas.

Special service areas found in the San Francisco Bay area, such as

San Francisco Presidio, Port of San Francisco, Hamilton Air TForce Base,
Moffett Naval Air Field, U.S. Naval Magazines at Port Chicago and
Concord, Oakland Army Base, Oakland Naval Supply Center, Nimitz

Field Naval Air Station in Alameda, San Quentin Penitentiary, and Mare
Island, among others, were not included in the mapping of building
classes.
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(7) The area within each census tract having a particular land-use code
(equated to building class) was measured. The area of each building
class in each census tract was then summed to determine the total area
of a particular building class in the nine counties considered in this
study. The percentage of any building class in any census tract is
then:

Area of the particular building class in the census tract
Total area of that building class in the nine-county area

x100

A more complete discussion of the development of the building inventory,
together with examples, may be found in (7).

GROUND SHAKING - LOSS RELATIONSHIPS

The estimation of losses resulting from earthquakes requires that
relationships be known or developed between the intensity of ground shaking
and the degree of damage to structures by class of construction (fig. 2).
The measure of the intensity of ground shaking used in this study is the
Modified Mercalli Intensity Scale (8). Limitations of the scale have been
discussed in several papers (for example, 9, 10).

Development of the loss-intensity relationships used in this study
entailed three steps: (1) examination of loss for a number of earthquakes;
(2) analysis of existing building cost data; and (3) integration of (1) and
(2), using engineering judgment based on actual earthquake experience, into
loss-intensity relationships. Because of the large number of classes of
construction and the many construction components included in nondwelling

classes, the present attempt to develop loss-intensity relationships must be
considered as preliminary.

The most useful published sources of loss data are found in the studies
of the most recent earthquakes, although data extending back to the 1906 San
Francisco shock still have substantial value. A review of several publica-
tions showed that the damage data in the publications are not usually
compatible. Further, a more detailed review of all major sources shows that
data are far from complete for all intensities for all building classes. It
then follows that interpolation and judgment must be used with the published
record of. actual losses to produce loss values.

Analysis of existing building cost data has shown that the variations
in the cost percentages among construction components for any particular
building class permit only very approximate loss estimates when applying
loss averages to any particular building.

The development of loss-intensity relationships, then, requires the
integration of actual earthquake loss with current cost data. It also
requires the interpretation of earthquake loss data and their relation to
each class of construction in terms of the Modified Mercalli Intensity
Scale. Actual earthquake losses must be analyzed with relation to iso-
seismal maps that have been prepared for recent earthquakes. It is
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important to note that this step effectively amounts to a more definitive
description of losses at each intensity level than exist in the original MM
Intensity Scale. In this sense, development and loss-intensity relationships
for the various construction classes represents a further definition or
refinement of the MM scale based on an analysis of loss experience and cost.
At the present time we believe that MM intensity maps, together with the
loss~-intensity relationships developed using relevant experienced judgment,
are the best bases for this kind of study. 1Indeed it is the only basis for
which extensive data are available.

For damage-analysis purposes, the lower intensity limit of the Modified
Mercalli Intensity Scale is the threshold of damage, which varies with the
kind of building as well as with the kind of ground motion but is generally
VI or VII. The threshold normally includes "imaginary" damage, which may
decrease the actual lower limit by one intensity unit. By "imaginary"
damage we mean damage that the owner/occupant believes occurred during the
shock, but which was actually in existence before the earthquake. On the
other hand, the upper intensity limit is determined by the intensity at
which ground-vibration effects to buildings are overshadowed by geologic
effects, such as landsliding, faulting, and failures of structurally poor
ground. This upper limit is normally given as MM intensity IX in insurance
practice. This limit of IX is somewhat arbitrary since vibrational effects
on buildings will increase somewhat with increasing intensity, but becomes
overshadowed by building damage resulting from geological effects.

Percent loss-MM intensity relationships are, in general, not linear.
The general, qualitative characteristics of loss-intensity curves for
various building classes have been discussed elsewhere (2, 7); the pre-
liminary nature of this study precluded the determination of the detailed
shape of the intensity-loss curves. As usable approximations, linear
relationships were developed. 1In figure 2, percent losses from O to 10 have
been estimated to the nearest 1 percent. Percent losses above 10 percent
are estimated to the nearest 5 percent.

ESTIMATION OF GROUND SHAKING

MM intensities were assigned to all census tracts for all earthquakes
of interest. Two techniques were used to assign intensities to census
tracts. For earthquakes having maximum epicentral intensities from VI to
VIII, average isoseismal maps were used. For earthquakes having maximum
intensities greater than VIII, isoseismal maps were constructed using data
from special studies (11, 12).

Average isoseismal maps (for earthquakes VI < I, < VIII) were con-
structed in the following manner:

(1) The average area shaken at each intensity level was determined for each
earthquake in the San Francisco Bay area for which an isoseismal map
was available. The same general approach was used in an earlier study
of single-family dwellings (3, 4), and all of the intensity data used"
in that study, together with additional new material, was used to
construct average isoseismal maps.
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(2) Isoseismal patterns were considered to be elongated in the direction of
faulting. This holds true in the San Francisco Bay area because earth-
quakes are shallow (< 15 km) and strike-slip faulting predominates, at
least in the larger earthquakes that are of most interest to this
study.

(3) Using M=1+2/3 I,, where I, is the maximum MM intensity and M is magni-
tude, and log L=-0.39+0.34 M, where L is fault rupture length (3) in
kilometers, the shapes of average isoseismal maps were constructed
using

AI=2wIL+-1rw2 (see fig. 3)

I’

where A_=area enclosed by the intensity I isoseismal plus higher inten-
sities

and

W_=width of zone bounded by the intensity I isoseismal plus
higher Intensities.

(4) The orientation of the isoseismals (the strike of L in fig. 3) for any
particular historical earthquake was taken to be the same as the
strikes of faults in the San Francisco Bay area that are known to have
been active near the earthquake epicenter during or since Quaternary
time (13). Earthquakes that could not be associated with specific
faults were assumed to have circular isoseismals. Table 2 gives the
values of W (fig. 3) and L for elongated isoseismals and the radius R
for circular isoseismals for all intensities associated with eéarthquakes
of maximum intensities VI through VIII.

Table 2.--Parameters for construction of average isoseismals
for VISI EVIIL

Maximum intensity

I, and associated Fault length Width! Radius?
intensities I L (km) W (km) R (km)
VIII: 58 1.65 8.00

VII -—— 5.90 15.55

VI -— 17.54 30.90

VII: 35 3.17 8.92

VI - 9.98 17.84

VI 20 3.95 8.18

1The width (W) and radius (R) are the maximum distances for each
intensity.

2The radius (R) is for the circular isoseismals, which are assigned to
earthquakes not associated with specific faults.



298

(5) The isoseismals constructed for earthquakes having VISI, <VIII average
the effects on surficial materials over broad areas. Consequently, the
intensity of shaking at individual sites may differ considerably from
on the average intensity map. The effect of site amplification was, to
some extent, taken into account by dividing the surficial geology
throughout the area into three units. Incremental intensities were
assigned to these three units and added to or subtracted from the
average intensities. The units and incremental intensities are bay mud
(+1.0); alluvium (0); and bedrock (~1.0). These units are defined in
more detail and discussed by Borcherdt et al., (12). The incremental
intensities assigned here differ slightly from, but are in general
agreement with, those suggested in (12).

LOSS CALCULATIONS

Losses were calculated for each class of construction using earthquakes
that occurred during the following time intervals: 1800-1974 (175 years);
1800-1899 (100 years); 1900-1974 (75 years); and 1907-1974 (68 years). The
losses are expressed as the average annual percent loss to buildings of each
construction class in the nine-county San Francisco Bay area. The inventory,
exclusive of wood~frame dwellings (Class 1A), is updated to 1973. Class lA
inventory is based on 1970 United States census data. The results are shown
in table 3. Losses for two large earthquakes of interest in the Bay area--
one, a maximum intensity X on the San Andreas fault, and the other, a maximum
intensity IX on the Hayward fault--are shown in table 4.

DISCUSSION OF RESULTS

The four samples of historical seismicity data shown in table 3 indicate
that, in general, the largest losses are associated with the 100-year period
1800-1899. This is a consequence of the three large earthquakes that
occurred during the period: in 1838 on the San Andreas fault, and in 1836
and 1868 on the Hayward fault. In addition, the percent losses to buildings
are considered constant (at the intensity IX level) for intensities above
IX. Actual losses increase for intensities greater than IX, but the losses
are increasingly caused by geologic effects that have not been considered in
this report. The earthquakes of 1836, 1838, and 1868 are believed not to
have been as large as the 1906 earthquake, but they would be about as
effective in causing vibration damage. It is interesting to note also that,
even though the earthquake history of the San Francisco Bay area is probably
not complete for damaging shocks for the 1800-1899 period, the losses are
generally the highest of any time interval considered. Best long-term
average loss estimates are probably obtained from the losses simulated using
either the 1l75-year seismicity sample (1800-1974), the 100-year sample
(1800-1899), or the 75-year sample (1900-1974) even though the average
losses computed using these three seismicity samples are all low, but for
different reasons: The time spans that include 19th century data are
incomplete, whereas the 1900-1975 sample contains only one large shock
(1906). Data for the 68-year period, 1907-1974, are reasonably complete for
damaging shocks, but yield useful average losses only if one believes that
large damaging earthquakes will not occur in the Bay area during some period
of interest in the future.
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The losses shown in table 4, simulated for a maximum MM intensity X
earthquake on the San Andreas fault and a maximum intensity IX earthquake on
the Hayward fault, seem to indicate that the percent losses for the two
earthquakes would be very similar from the point of view of vibration
damage. Nearly equal losses result partly from the flat shape of the
intensity-loss curves for intensities above IX and partly from the geometry
of the Bay area and the high concentration of buildings in the east Bay
area. Dollar loss estimates are available only for one- to four-family
dwellings, the value of the dwellings being obtained from census data as
previously reported (1, 2, 3, 4). There were approximately 1.1175 million
one- to four-family dwellings in the nine-county study area having a replace-
ment cost value of $30.3 billion and an average value of $27,100 in 1970. A
conservative long-term annual average loss (based on table 3) might be 1
percent of the replacement cost value or about $271. Average total losses
to dwellings as a result of a large earthquake would be about 5 percent of
value, or $1.51 billion, or an average loss per dwelling of $1,360.

Table 3.--Estimated average annual percent losses in the nine-county
San Francisco Bay area, based on the historical seismicity
during four time intervals

Building 175 years 100 years 75 years 68 years

Subclass (1800-1974) (1800-1899) (1900-1974) (1907-1974)

1/

= 1A 0.702 0.663 0.755 0.692
2A 0.131 0.153 0.102 0.043
2B 0.160 0.201 0.106 0.028
3LA 0.166 0.198 0.123 0.032
3LB 0.822 0.820 0.826 0.652
3LC 0.208 0.248 0.154 0.040
3LD 0.822 0.820 0.826 0.652
3HA 0.260 0.357 0.132 0.008
3HB 0.539 0.705 0.317 0.098
3HC 0.325 0.446 0.165 0.010
3HD 0.539 0.705 0.317 0.098
41.A 0.208 0.248 0.154 0.040
418 1.175 1.171 1.180 0.931
41C 0.291 0.347 0.215 0.056
41D 1.410 1.406 1.416 1.117
4LE 1.292 1.288 1.298 1.024
4HA 0.325 0.446 0.165 0.010
4HB 0.769 1.007 0.453 0.139
4HC 0.539 0.705 0.317 0.098
4HD 0.923 1.208 0.543 0.167
4HE 0.846 1.108 0.498 0.153
5B 0.208 0.248 0.154 0.040
5C 0.822 0.820 0.826 0.652
5D 1.057 1.054 1.062 0.838
5E 1.521 1.589 1.430 1.083

IClass 1A inventory is based on 1970 census data.
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Table 4.--Estimated percent losses for two large
earthquakes in the nine-county San
Francisco Bay area

Percent losses for

MM intensity X on Percent losses for
Building the San Andreas MM intensity IX on
Subclass fault the Hayward fault
1A 5.04 4.03
2A 4.17 3.38
3LA 6.59 5.15
3LB 13.07 11.47
3LC 8.24 6.44
3LD 13.07 11.47
3HA 9.34 9.42
3HB 16.73 16.82
3HC 11.67 11.78
3HD 16.73 16.82
4LA 8.24 6.44
4LB 18.68 16.30
4LC 13.07 11.47
4LD 22.47 19.56
4LE 20.54 20.65
4HA 11.67 11.78
4HB 23.89 24.04
4HC 16.73 16.82
4HD 28.67 28.84
4HE 26.28 26.44
5B 8.24 6.44
5C 13.07 11.47
5D le.81 14.74
5E 25.41 22.51
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Figure l.--Location map of northern California
showing the nine-county area studies in this
report.
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Figure 3.--Schematic showing the construction of average
isoseismal maps (see text, p. 7, for discussion).
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EXAMPLES OF SEISMIC ZONATION IN THE SAN FRANCISCO BAY REGION

by

W. J. KockelmanI and E. E. Br'abeI

ABSTRACT

Six examples of seismic zonation at various scales by cities and
counties in the San Francisco Bay region show that scientifie information
can be used effectively in avoiding earthquake hazards and mitigating
damage. The zonation method involves postulating an earthquake, grouping
geologic materials with similar physical properties, predicting the geolo-
gic effects of an earthquake, and combining the geologic effects on a map.
The method has been used by the Cities of Mountain View, Novato, and San
Francisco and the Counties of Marin, Santa Clara, and San Mateo to develop
zones which were used as a basis for their general plans, seismic safety
plans, development policies or ordinances.

INTRODUCTION

The proceedings of the International Conference on Microzonation for
Safer Construction Research and Application, Seattle, 1972 included papers
on the state of the art, various techniques, and a preliminary analysis of
zonation methods. The papers lack uniform definition of "seismic zones,"
lack consensus on the scale and detail of seismic zone maps, and reveal the
need for an unambiguous zonation method (10).

Three events have encouraged communities to attempt seismic zonation:
passage of the Alquist-Priolo Act by the California Legislature requiring
special studies in zones encompassing potentially and recently active
faults (5), preparation and adoption of seismic safety plan elements by
cities and counties as required by California statue (4), and further
development of a seismic zonation method (2). The method has four steps:
postulating an earthquake of a given size and location; grouping geologic
materials with similar physical properties; predicting effects of the
postulated earthquake for each geologic unit by type of hazard or failure,
namely surface rupture, ground shaking, flooding, liquefaction potential,
and landsliding; and combining geologic effects by zones on a map (1).

The following six examples of seismic zonation by cities and counties
in the San Francisco Bay region illustrate applications of the method.

INVESTIGATION ZONES

Three "investigation zones" are derived and mapped at a scale of

I Environmental Planner, U.S. Geological Survey, 345 Middlefield Road,
Menlo Park, California, 94025

II Research Geologist, U.S. Geological Survey, 345 Middlefield Road,
Menlo Park, California, 94025
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Figure 1.--City of Mountain View "investigation zones."

The boundaries of
the zones separate areas with different geologic properties.

Zone A, for
example, 1is underlain by water-saturated bay mud with a moderate to high

liquefaction potential whereas zone B contains seasonally saturated allu-
vial fan deposits that may liquefy only when the water table is high (6,
20). Different development policies have been adopted for each of the zones
(8). .
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1:48,000 (fig. 1) by the City of Mountain View Planning Department from its
review of various earth-science information. Ground shaking and ground
failure are considered the primary earthquake problems (8).

An earthquake on either the San Andreas or Hayward fault systems is
assumed (7). Design earthquakes of magnitudes 8.0 and 6.5 may be implied
from the Department's use of potential liquefaction data (6, 20).

Each "investigation zone" contains geologic units with similar physi-
cal properties. Zone A 1is underlain mostly by water-saturated bay mud.
Zone B is underlain by weakly consolidated mud, silt and sand that are
seasonally saturated. Zone C is underlain by somewhat coarser grained
alluvium that is generally well drained and unsaturated (8, 9).

Geologic effects are predicted for each group of geologic units having
similar properties. For example, "Moderate to substantial settlement
and/or differential settlement may occur" in zone A, "Deep liquefaction and
significant settlement ... is possible™ in zone B, and "Neither significant
settlement nor ground failure is likely to be experienced" in zone C (8).

With the aid of the zone map (fig. 1), areas of "relative seismic
concern,”™ such as those where loss of life, property damage and economic
dislocation may occur, are delineated on the City's existing "General Plan
Map." Land uses are subdivided into categories by importance, such as
hospitals and fire stations that must provide emergency services after an
earthquake; by occupancy, such as schools and other buildings that contain
large numbers of people; and by type of construction, such as single-family
dwellings. Development policies, such as "open space and low intensity uses
shall be encouraged for sites most susceptible to earthquake damage," and
"Uses should be limited to those when risk of loss of life, property damage,
and social and economic¢ dislocations are acceptable if 1liquefaction or

settlement takes place," are specified for each land use group in each zone
(8).

The zones, areas of "relative seismic concern," and land-use develop-
ment policies have been incorporated into the City's Safety Element and
adopted by the City Council as part of its general plan (8).

BUILDING DAMAGE LEVELS

Four levels of building damage aggregated on a block basis are esti-
mated and mapped at a scale of 1:48,000 (fig. 2) for the San Francisco City
Planning Department (3, 14).

A repetition of the 1906 earthquake (magnitude 8.3) originating on the
San Andreas fault is assumed. Earthquakes with smaller magnitudes are also
considered (3).

Soil and rock types are combined on the basis of similar engineering
properties, and their susceptibility to earthquake failure is discussed
(3). Their properties areconsidered in estimating the types of potential
ground motion such as peak ground acceleration, spectral response accelera-
tion, and predominant periods for deep or soft soil deposits (14).

City Assessor's data on construction type, year built, number of
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stories, floor area, and use of each building along with earthquake history
were considered to obtain average damage factors for each block.

The
factors were then weighted to obtain the four levels of estimated building
damage shown in figure 2 (14).

Hazards such as seiches, tsunamis, landslides, and dam failures are
considered and mapped but are not generally used in developing the four

levels of damage. These hazards are to be treated as "additional hazards;"
for example, a building with a "slight" damage rating (fig. 2) that is apt

to slide down a hill with a landslide should have its rating changed to
"severe" (3).
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Figure 2.--Estimated building damage for a severe earthquake in the San

Abatement of hazards associated with these buildings is
recommended in San Francisco's Community Safety Plan (14).
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Policies related to building damage levels such as "Initiate orderly
abatement of hazards from existing buildings and structures™ and "Abate
existing hazards in all critical community facilities™ are recommended
(11‘).

The building damage levels, "additional hazards" and policies have
been incorporated into the City's Community Safety Plan and adopted by the
Board of Supervisors as part of the City's comprehensive plan (14).

EARTHQUAKE RISK ZONES

Five "earthquake risk" zones are developed and mapped at a scale of
1:12,000 (fig. 3) for the Novato area by the California Division of Mines
and Geology in cooperation with the County of Marin and the City of Novato
(13). Ground shaking, surface rupture, ground failure, and landslides are
considered as having the highest potential for damage, whereas tsunamis are
considered not to be significant potential hazards (12, 13). An earthquake
of approximately magnitude 8 with an epicenter in the northern San Francisco
Bay area is postulated (13).

Geologic materials are grouped into five zones on the basis of similar
physical properties; for example, "firm, relatively unweathered bedrock" in
zone A, "relatively shallow compacted alluvium and colluvium™ in zone B,
"deep upslope landslide deposits" in zone D, and "bay mud" in zone E. In
addition, a symbol is placed over the trace of the potentially active
Burdell Mountain fault (13). '

Some geologic effects of the postulated earthquake are predicted for
each zone; for example, "subject to relatively high frequency vibrations" in
zone A, "may be threatened by landsliding" in zone B, and "rapid differen-
tial settlement" in zone E. In addition, each zone is rated from probable
low to probable high damage. The geologic materials, geologic effects, and
damage ratings are combined and mapped by zone ofni figure 3 (13).

Recommendations related to the risk zones, such as "large public
structures ... not be located on any demonstrated fault trace," "residential
developments on fill may not be a fitting use" in zone E, and "Engineering
geology reports, based on detailed geological mapping, [should] be required”
in zone D, are made (13).

The "earthquake risk"™ zones and recommendations have been considered
by the City of Novato and the County of Marin and used as a basis for their
seismic safety plan elements.

SEISMIC SAFETY ZONES

Three "seismic safety zones" are developed and mapped at a scale of
1:62,500 (fig. U4) by the Santa Clara County Planning Department with
assistance or contributions from the California Division of Mines and
Geology, private consultants, and members of the U.S. Geological Survey
(18). Dam failures, tectonic creep, dike failures, tsunamis, seiches,
landslides, ground-shaking and surface ruptures were considered and the
potentially hazardous ones were combined in zones on a "relative seismic
stability™ map (18). This map also includes nonseismic geologic hazards,
such as landslides triggered by rainfall. The original map is printed in
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weathered bedrock that crops out at the surface or is covered by only thin layers of
soil or colluvium.

B Areas of probable low to moderate damage. These areas are underlain by relatively
shallow, compacted alluvium and colluvium on flat or gently sloping surfaces.

C Areas of probable low to moderate damage. These areas are underlain by sheared
bedrock.
[) Areas of potentially high damage. These areas are underlain by landslide deposits and

by thick deposits of colluvium or deeply weathered bedrock on steep slopes.

E Areas of probable high damage. These areas are underlain by bay mud ranging in
thickness from a few feet to more than 100 feet.
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Figure 3.--Earthquake risk zones in the Novato area, Marin County, Cali-
fornia (13).
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Figure 4.--Part of the official seismic stability map for Santa Clara County
(18). Scale 1:250,000.

stoplight colors--red; yellow, and green--to make the information more
easily understood by the general public.

A recurrence of the 1906 earthquake (magnitude 8.3) along the San
Andreas fault zone in the San Francisco Bay area may be implied from the
Department's discussion of the various seismic hazards (18).

Geologic units are grouped on the basis of similar physical properties,
and the geologic effects are predicted for each group. For example, fine-
grained water-saturated sand or silt within 6 meters of the ground surface
would be considered to have a high potential for liquefaction and would
normally require geologic investigation before any development is approved.
The same materials within 6 to 15 meters of the surface are considered to
have a moderate potential for liquefaction and might require a geologic
investigation. In most cases, the county geologist decides whether and what
level of geologic investigation is required.

Maps of other county plan elements, such as utility, transportation,
community facilities, and urban development, are compared with the zone map
to indicate their relation to the seismic safety zones (18). Recommenda-
tions to minimize the possible loss of life and property are made for each



310

county plan element. For example, "Emergency operations center structures
should be evaluated for seismic vulnerability and should be designed and
constructed to assure the ‘continuity of vital services following a damaging
earthquake," and "Proposed transportation routes, facilities and structures
should be evaluated for potential vulnerability and built only if problems
can be sufficiently mitigated" (18).

The three =zones and recommendations are included in the County's
Seismic Safety Plan which was unanimously adopted by the County Planning
Commission and Board of Supervisors. In addition, the seismic safety zones
have been adopted by the Board of Supervisors as the County's official
geologic hazard maps. The County Ordinance Code has been amended so as to
require site investigations and geologic reports based on the official
geologic hazards map. Four sections of the code are affected: major
subdivisions, minor land divisions, building sites, and grading. The
amendment provides for site investigations and geologic reports so as to
discourage development on, or adjacent to, known potentially hazardous
areas. The reports are to be prepared by an engineering geologist regis-
tered in the State, be submitted to the County for approval, and specify the
remedial measures that will make a safe development (17).

GEOTECHNICAL HAZARD SYNTHESIS

Thirteen geologic materials and seven geologic hazards are compiled,
combined, and mapped at a scale of 1:24,000 (fig. 5) by the San Mateo County
Planning Department and its consultant. Primary consideration is given to
the extent and location of faults and to liguefaction potential; however,
landslides, dam failure, and tsunamis are also considered and mapped.
Seiches are considered bulnot mapped (11).

A magnitude 7.5-8.3 earthquake on the San Andreas fault is assumed for
ground shaking. For fault displacement, a maximum expected magnitude 8.25
earthquake for the San Andreas fault and magnitude 7.0 for the Seal Cove-
Gregorio fault are used (11).

Geologic materials are grouped on the basis of similar physical
propertiess for example, "younger estuarine mud and artifical fill" as no.
1, "beach and dune sand" as no. Y4 "colluvium" as no. 5, and various
"bedrock™ hardnesses as nos. 6-13 (11}.

Earthquake stability is predicted for each geologic material--"poor,
fair, or good" depending upon geologic structure, slope angle and landslide
and soil creep potential. Earthquake intensity is predicted for each
geologic material unit--"strong, very strong, violent, very violent, and
weak" depending upon the distance from the San Andreas fault (11).

The geotechnical hazard synthesis is part of the County's Seismic and
Safety Elements of the General Plan. These elements include recommended
policies and implementation programs regarding existing land use, future
land use and development, zoning and division of 1land, and critical-use
structures that are directly related to the geotechnical hazard synthesis
maps; for example, "Determine the level of acceptable risk which can be
borne, utilizing the ... Maps," and "Integrate geotechnical hazard data ...
into zoning and subdivision ordinances" (16). The elements, including the
geotechnical hazard synthesis maps and recommended policies and implementa-
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Figure 5.--Part of the geotechnical hazard synthesis map for San Mateo
County (11), scale 1:24,000. The explanation for this map is complex,
combining information on geologic processes, such as faulting, landsliding,
coastal erosion, and liquefaction, with information on geclogic materials,
shown by numbers on the map. The material units are further subdivided by
both seismic and engineering characteristics. For example, areas desig-
nated "2b" are underlain by alluvial fan deposits ranging in coarseness from
silt to gravel, have poor to fair slope stability, moderate liquefaction
potential, good to fair stability in terms of the intensity of ground
shaking during a 7.5-8.3 M earthquake, and have good foundation properties.
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Figure 6.--Hypothetical property in San Mateo County with seismic and
geologic constraints. Dwelling units in the fault zone and on landslides
are limited to one per 16 hectares (40 acres). Similar low dwelling-unit
densities are required along flood plains and on steep slopes (19).
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tion programs, have been adopted by the County Board of Supervisors (16).
RESOURCE MANAGEMENT ZONING DISTRICT

Eleven land categories are derived and mapped at various scales by the
San Mateo County Planning Department. Seven of the categories (fig. 6) were
considered serious seismic or geologic constraints to development (19).

A 7.5-8.3 magnitude earthquake on the San Andreas fault is implied from
the seismic hazard information used by the Department (19).

The seismic and geologic constraints are grouped on the basis of
similar physical properties--faults, slopes, flood plains, and slope insta-
bility. Geologic effects are predicted for two categories; "potential
surface deformation due to fault movement," and high, moderate, and low
"susceptibility of slopes to failure landslides™ (19).

The Department recommended that the permitted density of residential
development proposed in each category be reduced to minimize risk exposure
and to carry out the objectives and policies of the County's open-space and
conservation plans (19).

The Board of Supervisors adopted an ordinance creating a resource
management zoning district (15). 1In addition to the principal uses per-
mitted in the district, the maximum number of dwelling units is limited by
special density regulations. The regulations are applied to each applica-
tion for a zoning permit through the use of a density matrix worksheet (15,
19). For example, 100 hectares (250 acres) of the hypothetical property
shown on figure 6 would lie in the fault and slope instability zones where
the number of dwellings would be only one per 16 hectares (40 acres).

CONCLUSION

The seismic zonation method can be applied by cities and counties to
avoid earthquake hazards, to reduce loss of life, and to mitigate damage.
The examples help clarify the definition, scale, and detail of "seismic
zones" and provide a workable method for presenting earthquake effects in a
form usable by scientists, engineers, land-use planners, decisionmakers,
and other citizens.
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THE USE OF EARTHQUAKE AND RELATED INFORMATION
IN REGIONAL PLANNING--WHAT WE'VE DONE AND WHERE WE'RE GOING

by
Jeanne B. PerkinsI

ABSTRACT

ABAG has used several techniques for combining earth science maps.
These tecnniques include land capability analysis and various methods of
calculating maximum earthquake intensity and cumulative economic risk due
to earthquake damage. The resulting maps and data are more easily used
in ABAG's planning programs, including:

o providing data on characteristics of large vacant industrial
sites and potential seaports

o locating areas deserving further study for use as potential
disposal sites for hazardous wastes

0 assessing the impacts of alternative future land use alter-
natives

0 reviewing regionally-significant development proposals on a
continuing basis

o providing information to city and county staff

ABAG's earthquake program plans to refine the existing earthquake
maps by experimenting with the ways in which other relationships among
geology, faults, topography, earthquake recurrence intervals and damage
affect these maps. ABAG also expects to relate these maps more system-
atically to various land development patterns.

INTRODUCTION

ABAG is a regional comprehensive planning agency that is owned and
operated by the local governments of the San Francisco Bay Area. It was
established in 1961 to meet regional problems through the cooperative
action of its member cities and counties.

The Bay Area is one of the most seismically active areas in the-
United States. The effects of earthquakes also usually cross city and
county boundaries. Consequently, earthquake preparedness is a major re-
gional concern.

SOME TECHNIQUES FOR COMBINING MAPS

Because it is difficult for planners and elected officials to deal
directly with the reams of social, environmental, and economic informa-
tion available concerning any given area or issue, ways of consolidating

I Regional Planner, Association of Bay Area Governments, Berkeley,
California
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earth science data to slant that information to each application become
valuable. Two techniques for combining earthquake and other earth sci-
ence maps that ABAG staff have found useful are described below.

Maximum Earthguake Intensity and Cumulative Economic Risk

An earthquake intensity map groups together a variety of different
causes of earthquake damage; although shaking is the dominant cause of
damage, other factors such as liquefaction, landsliding, fault rupture,
and changes in ground level can also contribute to intensity. Fiqure 1
is an example of a maximum earthquake intensity map for the San Francisco
Bay Area based on the techniques developed by Borcherdt, et al. (1).
This map is not the only maximum intensity map that can be developed;
altering the way that intensity is related to distance from a fault can
produce a different map. This type of map can be used with information
on existing buildings to forecast locations of maximum damage for use in
planning emergency response measures and for designating areas of criti-
cal concern.

A cumulative economic risk map can relate the expected damage to
particular types of buildings over time. Such maps rely on intensity
information as well as information on the amount of damage that can be
expected for each intensity and general type of building and information
on how often a particular earthquake is 1ikely to occur. Figures 2A - D
are examples of risk maps. They indicate the total expected percent
damage due to earthquakes resulting from any of the major active faults
in part of the Bay Area for any given area for two types of small build-
ings: wood-frame (Figures 2A and C) and other types (Figures 2B and D).
Risk maps may be used in evaluating the relative costs due to earthquakes
for new buildings in various Tocations throughout the region and for
designating areas where special precautions may be needed. However, the
intensity-cost information is not a sufficient basis for engineering de-
cisions at a specific site, for these require specific knowledge of the
process causing damage. The graphic appearance of a risk map is very
dependent on how often earthquakes are assumed to occur on each fault.
Figures 2A and B use a different set of recurrence intervals than Figures
2C and D.

Land Capability Analysis

Any microzonation map, though a representation of the earthquake
problem, cannot by itself represent the problems due to all geologic
constraints, let alone all environmental, social or economic constraints.
By relating each geologic problem to some common denominator, such as
cost or lives lost, one can effectively compare the geologic concerns or
can add these concerns together, using traditional or computerized map
overlaying techniques. Figure 3 is an example of such a map, based on
cost information for residential development in Santa Clara County.
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SAMPLE USES

Solid Waste Planning

The earthquake intensity map and other geologic and hydrologic maps
were used with map-related criteria to screen the Bay Area to find those
general areas that warranted further study for use as disposal sites for
hazardous waste.

After additional screening using other social and environmental cri-
teria, ABAG staff discovered that only four of the nine Bay Area counties
had areas worthy of additional study.

Special Facilities

The problem of overlaying maps may be avoided by simply providing a
1isting of the level of concern (high, moderate or low) for environmental
safety issues in the form of a computer display. If land capability in-
formation is also available, a general indicator of overall concern for
environmental safety also can be included. Separate displays have been
prepared for approximately 450 vacant industrial sites and 173 proposed
seaport sites in the Bay Area.

Assessment of Development Patterns

As part of assessing the environmental impacts of planning programs,
it is important to know the relationship of geologic hazards to alterna-
tive land use or development patterns. Earthquake intensity and related
information has been used in assessing the implications of policies that
encourage more dense central city growth as opposed to less compact de-
velopment in suburban and rural areas in the region. It has also been
used in assessing development patterns intended to reduce commute dis-
tances for Santa Clara County.

Implementing Regional Policies

As the designated areawide clearinghouse, ABAG reviews local plans
and projects that propose to use Federal and State funds. One of the
review criteria used is the completeness of the description of geologic
and seismic hazards affecting the site. Microzonation maps and informa-
tion on other geologic hazards is used in the reviews.

In addition, ABAG assists cities and counties in obtaining earth-
quake information and incorporating that information into their programs
as time permits.

FUTURE PLANS

Updating Information

Because earthquake microzonation is such a dynamic field, it is es-
sential that all maps can be easily updated. A1l of the basic informa-
tion, including geology and land use, the modeling techniques, and the
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products, including maps and displays, are integrated in ABAG's computer-
ized Bay Area Spatial Information System (BASIS). Thus, as better infor-
mation on correlations between geologic materials and earthquake intensity
or on recurrence intervals becomes available, the interpretive maps and
the related information will be modified easily. The system also allows
cities and counties to modify the maps for their own uses. Maps can be
produced at non-standard scales, such as 1:60,000 for Santa Clara County.
Requests can be fulfilled to group peat soils with Bay mud, rather than
with alluvium, for generating a maximum intensity map for Contra Costa
County.

Future Applications

Several interesting projects using earthquake and related information
should be completed by December 1979. The displays for special facilities
will be expanded to include existing and proposed airports and solid waste
disposal sites. The work on assessment of development patterns should be
dramatically improved when detailed information on current and projected
land use is placed in BASIS. Such information also will be extremely val-
uable for planning emergency services. A more formal program will be in-
stituted for ensuring that cities and counties more actively use the earth-
quake map information.

BIBLIOGRAPHY
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THE SENSITIVITY OF SEISMIC RISK MAPS TO THE CHOICE OF EARTHQUAKE
PARAMETERS IN THE GEORGIA STRAIT REGION OF BRITISH COLUMBIA

by
W.G. Milne and D.H. WeichertI
ABSTRACT

A comparison is made between the calculated values of peak
horizontal ground acceleration with an annual probability of exceedance
of 0.0l for three sites in the Strait of Georgia. The acceleration
amplitudes are calculated by extreme value, and average amplitude
techniques using two different acceleration functions over two periods of
time. The results show a scatter within the quoted error of data which
are used in the National Building Code of Canada.

INTRODUCTION

The seismic zoning map, which is included in Supplement 1 of the
National Building Code of Canada, was produced by methods outlined by
Milne and Davenport (1969). The regional catalogue of Canadian
earthquakes, from 1899 to date, forms the input to a Gumbel unlimited
extreme value analysis of site specific accelerations. By this process,
peak horizontal ground acceleration amplitudes with an annual
probability of exceedance of 0.0l are calculated for specific sites or at
a number of locations over an area to be zoned. The values of ground
acceleration provide the basic input for drawing the contours of the
seismic zoning map, and also provide an input to the dynamic analysis
design method allowed by the code. Different methods were used for
calculating the values of ground acceleration. This paper indicates the
range of values which can be obtained, and points out the problems of
unduly emphasizing a particular level of ground motion.

Since the original work, approximately 10 years ago, a number of
modifications to the program have taken place. These have included a
revised amplitude attenuation function, a revised alternate average
amplitude method, and revision of some earthquake epicentres and
magnitudes. This paper shows how these revisions have altered the
acceleration levels at certain sites in the Strait of Georgia region. At
these same sites, the stability of the risk model is examined as new data
are added, or, as in the northern Strait, no new data have been observed.

ATTENUATION FUNCTION

The initial western acceleration attenuation function (Milne and
Davenport, 1969) was derived from the strong motion seismic data that
were available at that date. The formula used for this purpose was

1 Pacific Geoscience Centre
Earth Physics Branch
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_ 0.69¢1-64M

ACC =
1128 1M 4,2

(1)

where M is magnitude, A is epicentral distance, and ACC is a percentage
of g. Data at close distances were not available at this date.

A revised formula (Milne 1977) takes a form which can more easily
be adopted to a least squares fit. This form is

ACC = bl e R (2)

or loge ACC = b4 + sz + b3 1oge R

where ACC is peak horizontal ground acceleration in units of g, M is
magnitude (M, where available, M where no M, is available, where

M or M are missing, and M, whefe it is the only magnitude available),
R7is hygocentral distance except for the Parkfield, 1966 earthquake
where station to surface rupture by the causitive fault is used. Where
there is no published depth, a nominal value of 18 km is used. The
analysis uses peak horizontal acceleration amplitudes from the maximum
component of the data published by the California Institute of Technology,
Volume II, parts A to Y. The 197 amplitudes are from accelerometers
placed in free field locations, or in basements of buildings. All
available data were used, which means that of the 197 readings, 103 are
from the San Fernando earthquake on February 9, 1971. This data set is
therefore biased by an earthquake of a particular type and in a
particular region. The coefficients b,, b,, b, were fitted by a least
squares subroutine using acceleration amplitudé as the dependent
variable. RMS errors for the coefficients are calculated.

Values are b4 = -3.23 + .38
b, = +0.99 + 0.01
by = -1.39 + 0.08
by = 0.04(25)

CALCULATION OF ACCELERATION AMPLITUDES

In order to examine the stability of the model for computing seismic
risk from historical seismic events, a number of computations have been
made for three sites in the Strait of Georgia region. The first site is
in the north, in the vicinity of the magnitude 7.3 earthquake in 1946.
The second site is in the central portion of the Strait, near a major
population centre at Vancouver, and near a locus of several minor
earthquakes in 1975. The final site is at the south end of the Strait
in a region of moderate earthquakes assumed to be shallow but also near
epicentres of moderately deep (60-70 km) earthquakes in the Puget Sound.
Table 1 lists the peak horizontal ground acceleration amplitudes with an
annual probability of exceedance of 0.0l calculated by the following
procedures:

a) - by the application of the original Milne/Davenport extreme value
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analysis on earthquake epicentres from 1899 to 1963 using the
attenuation curve in equation 1. Some of the epicentres have been
recalculated; for instance, the epicentre of the 1946 earthquake has
shifted to the west, but its magnitude remains unchanged. The lower
threshold amplitude is set to the equivalent of intensity I, and
focal depths are not involved.

b) - by the application of method (a) using earthquakes from 1899 to
1977 inclusive. This is an extension of 14 years beyond the
original data set during which some significant acceleration
amplitude data were added, and during which some areas have been
quiet,

¢) - by the application of the average amplitude method from the Milne
Davenport paper to obtain the results using data from 1899 to 1963,
with the attenuation curve of equation 1, with no allowance for
varying focal depths, and with a lower threshold amplitude
equivalent to intensity I.

d) - by the application of the average amplitude method using data for
the years from 1899 to 1977 inclusive.

e) - by the application of the extreme value method using the attenuation
curve of equation 2, data from 1899 to 1963, a threshold amplitude
equivalent to intensity I, and focal depths which are published or
are set to a nominal value of 18 km.

f) - by the application of method (e) using data from 1899 to 1977.

g) - by the application of the average amplitude method using the
attenuation curve of equation 2, data from 1899 to 1963, a threshold
amplitude equivalent to intensity I, and focal depths which are
published or are a nominal 18 km.

h) - by the application of method (g) using data from 1899 to 1977.
STABILITY OF THE MODEL

Comparison of the values of acceleration amplitude between methods
a and b, ¢ and d, e and f, and g and h shows that the extension of the
data set from 65 to 79 years has increased the calculated risk at one
site and decreased it at the other two. Clearly, the absence of
contribution earthquakes has produced a lower risk level at site 1. A
continuation of the earthquake experiences in the Puget Sound area has
resulted in only a slight change at site 3, but an increase in activity
near site 2 in late 1975 has raised the level here by an increase in the
constant term in the least squares analysis without a corresponding change
in slope. The maximum change is approximately 607%, at site 1.

The variation produced by the use of different attenuation curves is
on the average lower than the variation produced by a difference in the
period of observation. At site 3, the variation due to the change of
attenuation curves is greatest, because of the presence of moderate
nearby earthquakes.
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The variation in amplitude levels between the extreme value method
and the average amplitude method may also be seen in Table 1. This
variation, on the average, is greatest, and at two of the sites the
extreme value method is the lower of the two. This appears to indicate
that in the central or northern Strait regions the low level, or
background seismic activity is missing from the data set because it is in
fact low or else it has been missed in the cataloging of events.

In summary, the variation in the .0l probability of exceedance of
acceleration amplitudes is a function of the methods used, of the time
period of the observations, and of the attenuation function in decreasing
order of importance. The largest divergence is approximately a factor of
two, generally quoted as the error of amplitude for the NBC.
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THE MICROZONATION OF NEW YORK STATE: PROGRESS REPORT NO. 2

by

Joseph A. Fischer‘I and James G. McWhorterII

ABSTRACT

Some six years ago at the First International Conference on Microzona-
tion, the authors described their interpretation of the spatial relationship
of New York State earthquakes to the regional tectonics and the possible
effects of New York seismicity upon man's construction. Since that time an
abundance of information has been developed, much from nuclear plant studies
and much from New York State Geological Survey research.

Of particular interest have been fault studies along the south shore
of Lake Ontario and in southeastern New York/northeastern New Jersey. These
studies have utilized geologic and geomorphic mapping, geophysical surveying
and fluid inclusion study techniques. Geodetic measurements, earthquake
fault plane analyses, and a number of insitu stress measurements have aided
our attempts to develop an understanding of both the states' previous geo-
logic history and its neo-tectonics.

Thus a number of the original authors' hopes for future (post-1972)
research have been undertaken (although nowhere near completed).

This progress report reviews the recent studies, defines their effects
upon the previous attempt at microzonation and defines the technical disci-
plines and geographical areas of needed research.

INTRODUCTION

In 1972, the authors presented the first paper on the Microzonation of
New York State. At that time it was thought New York State would be a prime
center of microzonation because of a number of reasons. These reasons in-
cluded: a) relatively high seismicity in the St. Lawrence area along the
northeastern part of the state; b) disagreements concerning the continuation
of the high seismic activity to an area of the western portion of the state;
c) high urbanization; and d) construction of major structures such as nuclear
power plants. The state is of even greater interest when one considers the
various assorted authors who have attempted to provide some form of seismic
zoning for the state. The earliest was perhaps 1948 when F. P. Ulrich pub-
lished zones of earthquake probability in the United States. The latest
regionalization was in 1976 by Algermissen and Perkins and many of these
are summarized by Kulhawy and Ninyo in 1977.

I Partner, Dames & Moore, Cranford, New Jersey.
IT Senior Geologist, Dames & Moore, Cranford, New Jersey.
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In addition to these various concepts of New York State seismology,
recently another tempest in a teapot has brewed concerning the Indian Point
nuclear reactors and the Ramapo Fault. Most of the Ramapo is in New Jersey,
however, its northeast extension goes through the southeastern part of New
York State.

Therefore, this paper will attempt to synthesize the various investi-
gations in the State and present the results of not only the author's
studies, but also the results of the work that has been undertaken by New
York State Geological Survey, Lamont Doherty Geological Observatory, Cornell
University, and others within the area. Although the authors have drawn
upon the work of many in the State, they will accept the responsibility for
the conclusions drawn herein.

TECTONIC HISTORY AND TECTONIC PROVINCES

An important aspect of siting critical structures, such as nuclear power
plants, in the eastern United States is the identification of tectonic pro-
vinces within the region of influence about a proposed site. The authors
have been involved recently with the development of such provinces (Dames &
Moore, 1975). Studies of the inherent characteristics of the regional and
subregional geology (the structure of petrographic assemblages and faunal
zones), together with the plate tectonic theory, allow us to distinguish
four major stages in the evolution of the Appalachian orogen and its indi-
vidual components or tectonic provinces within New York and surrounding
areas. These stages are:

1. Initial crustal divergence in Late Precambrian-Early Paleozoic
time;

2. Crustal convergence in Ordovician to Carboniferous time;
3. Crustal translation in Carboniferous time; and
4, Renewed crustal divergence in Mesozoic time.

The tectonic framework of the provinces (Figure 2) which New York
State is composed appears to have been found in Late Precambrian time.
When crustal divergence created a northeasterly trending linear symmetric
scheme of of a medial depositional trough flanked by cratonic margins and
cratons. Subsequent convergence created fold and thrust structures paral-
lel to this symmetry. Still later, the cratonic margins, as the most
fundamental and profound structures, served as a locci for translational
and final divergent plate movements. The initial crustal divergence oc-
curred in Late Precambrian time, following the completion of the Grenvillian
orogenic cycle. This process caused the separation of North Amerjcan and
African plates and resulted in the formation of the proto-Atlantic Ocean
(Williams and Stevens, 1974; Wilson, 1966; Rankin, 1975). In the initial
rifting phase, an eastward thickening wedge of clastic sediments inter-
bedded with volcanic rocks were deposited unconformably on a Grenvillijan
basement and water filled basins within the ancient continental margin
(Hadley, 1970).



331

As rifting progressed, the proto-Atlantic Ocean opened and the previous
system of isolated rift basins gave way to the long depositional trough
underlain by oceanic crust. The trough was located primarily between the
ancient margin of eastern North American and the ancient western margin of
the Avalon Platform (Wilson, 1966; Williams & Stevens, 1974). This latter
phase of the initial crustal divergence is marked by two rock assemblages
representing the continental margin and oceanic trough:

1. A miogeosynclinal wedge developed either as a great carbonate
bank over the stabilized ancient continental margin, or as
a middle to late Cambrian basal clastic sequence lying
transgressively on Grenvillian basement;

2. An ophiolitic sequence, remnants of which are known only
from the northeastern portion of the orogen.

Otherwise, the oceanic crust was largely consumed by subduction during the
subsequent convergence stage.

A transverse trough (transverse of the ancient continental margin)
formed in the area from Ottawa to northern New Hampshire (Wilson, 1946;
Cady, 1969; Ricket, 1973). This history of the closing of the proto-
Atlantic is reflected in the convergence stage of the Appalachian Orogen.
During this stage the tectonic provinces' began to develop their individuality
and by its close all but one of the provinces is distinguished. This stage
begins in Ordovician time with the onset of a tectonic orogeny. The close
of the tectonic orogeny marked the destruction of the ancient continental
margin and the development of the mature arc-trench-subduction zone system.
The subsequent Acadian orogeny represents continent collision and shortening
in limited metamorphism. A result of the final closure of the already
contracted proto-Atlantic ocean in northern Appalachian.

During both the Taconic and Acadian orogenies the previously mentioned
transverse trough from Ottawa to northern New Hampshire became a zone of
greater tectonic mobility (Cady, 1969). Cady has named this northwest-
trending trough a relatively more mobile zone, then New England salient.
This unusual mobility is indicated by early Taconic crossfolds (Cady, 1969,
Beland, 1967; St. Julien, 1967) and Late Taconic and Acradian rotation of
Tongitudinal structural elements about a pivot on the south flank of the
salient.

The translational stage followed the final closure of the proto-
Atlantic in the north and was contemporary in use of the final process of
convergency in the south. This stage of the orogens evolution is recognized
on the northern Appalachians where it caused development of a series of
Carboniferous to lower Permian sedimentary basins. Ballard and Uchupi
(1975) noted that the translation may have resulted from an oblique col-
lision of the North American and North African continents.

The post-middle Triassic development of the orogen, that is the final
divergence initiated the opening of the North Atlantic Ocean. The last
stage has orginally been shown to be more complex than what is formally
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believed. This structural development, which is the youngest regionally
recognizable diastrophism in the northeastern United States (about 250-80
m.y.), is characterized by vertical movements (basining) and related conti-
nental marine sedimentation, transcurrent faulting along preexisting plains
of crustal weakness, and extrusive and intrusive igneous activity.

The resultant tectonic province divisions are shown on Figure 1.

NEQTECTONICS
Seismicity

Historical seismicity of New York State is largely confined to two
areas. One is the area around Attica, New York, where seismicity there
has been related to the Clarendon-Linden Fault. Other important seismic
activity is confined to the lower St. Lawrence Valley region from Messena,
New York to Montreal and Quebec, Canada. Other minor seismicity lies in
the Hudson Valley from the general Albany area to the New York City
area. Earthquakes of New York State are shown on Figure 2.

Much work has been done in the area of monitoring seismic events in the
state, as well as the rest of the northeast U.S., since 1972. Lamont-Doherty
Geological Observatory has installed a rather extensive network of stations
within and adjacent to New York State. The New York State network is part of
the Northeast Seismic Network, with other contributing organizations being
Weston Geophysical Observatory, Mass., Inst. of Technology, Univ. of Conn.,
State of Pennsylvania, and the Canadian Government. It is through the access
of data recorded by these individual networks that has added to the insight
of seismic processes and seismic risk in the state and elsewhere in the
Northeast. Much still needs to be done in this area, however, as the authors
recommended in 1972, before a definitive evaluation can be made.

As previously mentioned, somewhat of a controversy is brewing concerning
the Ramapo Fault and its extension into southeastern New York being the loci
for the occurrence of earthquakes. Contrary to Aggarwal's (1977) findings,
in which he stated "earthquake Tocations in southeastern New York and New
Jersey show remarkable correlation with mapped or inferred faults", it was
found after a lengthy geologic and seismic investigation in which the authors
were involved (Dames & Moore, 1975 and 1977) that the Ramapo Fault was not
capable (according to Appendix A 10 CFR Part 100, U.S. NRC Critera) and is
no more seismically active than any other fault, mapped or unmapped, in the
surrounding region. The investigation included the use of detailed geologic
mapping, geomorphic studies, determination of in-situ stresses through the
overcoring (strain-relief) method, age dating fault zone materials, construc-
tion of focal mechanism solutions for instrumentally recorded earthquakes,
identification of vertical crustal movements through published and unpub-
lished first-order leveling data and geophysics. Based on the non-unique
focal mechanisms of several earthquakes near the Ramapo Fault zone, it was
concluded by the ASLAB* that a direct relationship of these events with the
Ramapo Fault was not established.

*Atomic Safety and Licensing Appeal Board, Decision, in the Matter of Con Ed
and PASNY, October 12, 1977.
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In western New York State, the dominant earthquake activity still
remains associated with specific segments of the Clarendon-Linden Structure.
Van Tyne (1975) has reinterpreted the structural geometry of the Clarendon-
Linden based on additional subsurface data made available since 13970.
Fletcher and Sykes (1977) showed very convincingly a correlation of earth-
quake activity and the Clarendon-Linden Fault near Dale. One important as-
pect has not changed, however, and that is the spatial association of earth-
quakes to the Fault near Attica. It remains to be seen whether additional
monitoring in Western New York by Lamont will show earthquakes in associa-
tion with other segments of the Clarendon-Linden Fault outside the Attica-
Dalte area.

Fox and Lastrico (1977) have recently reported the results of a study
of bedrock accelrations and the 1929 Attica, N.Y. earthquake, where a
correlation was obtained between computed ground motions at different loca-
tions in Attica and observed variations in damage reported at the different
locations. The study about which Fox and Lastrico reported was designed to
provide realistic bedrock accelerations from observed surface effects in the
epicentral area to minimize the difficulties of developing rational design
criteria from a remote, but significant, seismic event where little or no
information exists concerning the direction, frequency content and accelera-
tions caused by the earthquake. Additional studies 1ike the one reported
by Fox and Lastrico will continue to be helpful in making design decisions
in New York State on a data base that is largely historic in nature.

State of Stress

Another important development in the last six years, along the lines
of the second recommendation made by the authors in our 1972 paper, has
been the wider identification, determination and use of in-situ stresses in
analyzing seismotectonic conditions in the state. Most important has been
the systemmatic study of the regional state of stress in an area encompassing
the northern part of New York State (Dames & Moore, 1978). Besides the
study of vertical crustal movements, four data groups have been identified:
1) focal mechanism solutions of earthquakes (see Figure 3); 2) in-situ
stress determinations performed at depths using hydrofracturing techniques
3) in-situ determinations of near-surface lateral stress performed at
different sites utilizing overcoring (strain-relief) techniques (see Figure
4); and 4) numerous geologic observations regarding stress conditions at
specific localities. Throughout the northern portion of New York State,
small structures of post-glacial age occur. These structures are frequently
referred to as "pop-up" features, as either chevron style anticlines or as
broad sinusoidal folds with no disruption at their crests. Typically these
structures are assymetric and opposing limbs dipping at different angles.
The axial planes of these folds are generally oriented west-northwest to
northwest. This preferred orientation is approximately paraliel to the
inferred axis of crustal tilting, which, in turn, is commonly believed to
be related to glacial isostatic rebound. Additionally, the preferred
orientation in the folds is approximately perpendicular to the greatest
principal stress in the region, which provides additional evidence to
support the observations of high horizontal stressses measured in-situ.
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During the Pleistocene epic, there were several advances of continental
ice sheets over New York State. These advances were separated by warmer
inter-glacial stages. Each advance contributed to isostatic downwarping of
the earth's crust and during each interglacial stage the crust rebounded.
The ice sheet reached its maximum extent approximately 18,000 years B.P.
During this time the crustal depression introduced by the ice sheet may
have been as much as 1300 to 1700 feet in the Lake Ontario area. Uplift
on the order of 250 feet is estimated to have occurred in the Lake Ontario
area in the last 12,000 years. Contemporary vertical crustal movements in
the New York State area are based upon geodetic leveling of several first
order survey lines and data from Lake Ontario Tidal Stations and Tidal Sta-
tions in the New York City area. These studies have revealed that the
upper free surface of the lithosphere is undergoing vertical movements.

The relative rate of the movements varies up to two millimeters per year.
The general southward tilting of the land surface conforms to the inferred
axis of post-glacial upwarping indicated by studies of ancient Lake Iriquois
shorelines. Thus, it may be inferred that the pattern of vertical crustal
movements indicate the continuation of glacial isostatic rebound to the pre-
sent time.

The entire New York State area where stress conditions have been meas-
ured indicate that the stress field is considerably different than that which
would be expected solely due to present gravitational loading. The state of
stress in Upstate New York is manifested by the development of post-glacial
deformation structures (pop-up structures) and by the occurrence of shallow
seismic events of low magnitude. The regional stress field appears to be
spatially continuous and homogeneous in character from one locality to the
other. The most consistent observation regarding the stress field in the
upstate area is that the intermediate principal stresses are either hori-
zontal or subhorizontal. The least principal stress tends to be nearly
vertical. The focal mechanism solutions in the state indicate that a range
of stress conditions exist at the depth of the hypocenter.

The magnitude of the maximum horizontal normal stress is high and ranges
from several hundred to several thousands of pounds per square inch. From
the region reported in the literature it appears that the nature of strain
energy stored in the rock masses is not known. The stress could be the re-
sult of applied boundary tractions, residual stresses locked into the rock
material, or a combination of these systems. The only reported investiga-
tion in which attempts were made to assess whether the in-situ stresses were
residual or applied boundary tractions is the work of Engelder and Sbar
(1976) and more recently Engelder (in press). It is apparent that although
a healthy body of data is beginning to form on this subject, much more in-
tensive research must be conducted before an understanding can be reached
as to: 1) the genesis of these high stresses; 2) whether these near-surface
stresses have any relation to stresses (principal) at hypocentral depths;
and 3) whether these high near-surface stresses have any relationship to the
occurrence of shallow seismicity.

As the authors indicated in 1972, the process of evaluating the site
within a complex geologic environment such as New York State will remain
weighted towards the empirical side without the benefit of the results of
research orjented investigations into 1) the nature and magnitude of in-situ
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stresses; 2) the analysis of the response of various soil profiles to actual
earthquake ground motion; and 3) development of strong ground motion para-
meters for recorded earthquakes. Much work has been accomplished towards
these ends in the Tast six years in New York, but just as much or more re-
mains to be accomplished in order to achieve a breakthrough in the area of
earthquake hazards and the ability to make rational and cost-effective de-
sign decisions.
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MICROZONATION  METHODS AND TECHNIQUES USED IN PERU

WL
I I“ l | l

By J.Kuroiwal, E.Deza ', H.Jaén , and J.KoganIV

ABSTRACT

After Peru 1970 earthquake (official death toll: 67,000) an interdisci-
plinary group was set up to carry out the microzonation studies of the de -
stroyed cities and towns, to reconstruct them. Up to the present, the same
group whose main members are the authors of this paper, have made the micro-
zonation studies of 8 cities and towns, and has carried out many site inves-
tigations, including new industries and harbor locations, and the Peru
Nuclear Center.

The main disciplines included are: Seismology, Geology, Soil Mechanics,
Soil Dynamics and Earthquake Engineering. The methods used in Soil Dynamics
are based mainly, in those developed in the last 6 years at the University of
California, Berkeley, and the University of Tokyo, but were modified and ar-
range to the local conditions.

The peculiarity of the peruvian territory, which consist of a very arid
coastal region, the hid Andes Range region, and the Amazon Jungle, make nec-
essary to pay special attention to the External Geodynamics studies, in addi-
tion to the usual site and seismic investigations.

The paper includes the methods developed by the authors and the experi-
ence acquired by the working group in the investigations carried out in dif-
ferent locations in Peru in the last 8 years.

1.- INTRODUCTION. Past earthquake in Peru have clearly shown that the
local geology and soil conditions have important influence in the damage dis
tribution. Particularly in the Lima Metropolitan area, this century earth-
quake of 1904, 1932, 1940, 1966 and 1974 have caused the worst destruction
at the same locations: La Molina, Callao and Chorrillos, all of them situat
ed at the edge of the Rimac Valley, where Lima is seated. At those places
the intensity have been 2 to 3 MM degrees higher than at the central part of
the Valley. They are located few kms apart and the earthquakes parameters:
magnitude, epicentral locations and focal deeps have been different every

time. In.addition, during Peru 1970 earthquake, with its epicenter located
300 kms away from Lima, the only places in this city where damages were re-
ported are those above listed. |In Huaraz during 1970 earthquake the inten-

sity was 3 degrees MM different in points located only 2 kms apart (1).

On the other hand, in Table 1, are shown the most important geodynam-
ical phenomena occured between 1925 and.,1978 in Peru Il Region of Civil De-
fense, that cover an area of 236,300 km" roughly 1/5 of country area, are
the most developed, and Lima are located there.Infrequency, earthquakes are
fifth behind avalanches, land slides, flood and alluvions, being some of them
trigged by earthquakes. However in number of victims and material losses,
earthquakes are first followed by alluvions and avalanches (see Table 2)

1 Profesor, National University of Engineering. Lima - Peru

Il Seismologist, Geophysical Institute of Peru Lima

Il Geologist, GEOTEC, Consulting Engineers. Lima

v Research Engineer, Kuroiwa - Kogan and Associates, Consulting Engs.
Lima.

Member, Scientific Committee, Peru Civil Defense.
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Note that flood damages are practically neglitable there, but In Peru' Civil
Defense Region, which corresponds to the low land Amazon Jungle, by far the
flood damage are first and every year cause big losses there (see Fig. 1).

From the above remarks, two conclusions may be stated:

First; it is very important to perform microzonation studies before
any important investment in construction made in Peru. The Peru Seismic
code of 1977 according to this idea, makes compulsory to perform microzoning
studies for the new cities expansion areas and at the location of new indus-
tries.

Secondly; If the main object of the microzoning studies is to protect
the structures from any natural catastrophy, it is necessary to consider all
the potencial geodynamical danger in the area.

The methods being used, consider the following fields in the microzo-
ning studies: Seismology, Geology, Soil Mechanics, Soil Dynamics, and Earth
quake Engineering giving emphasis to the investigations which are most impor
tant according to topography of the area and the statistical information of
past natural catastrophies.

The coordination among the different specialists are constant. When
the analysis of the information in every field has been completed, the final
evaluation, and the division of the studied area in subareas of similar char
acteristics are made by with the direct participation of the whole team. -
This method has been called seismogeological microzonation {Z)

2.- INTERNAL GEODYNAMICS RISK. This discipline investigates the regional
condition of seismotectonics and seismicity. |t determines the degree of
seismotectonic activity for stablishing not only the seismic levels, that is
the maximum possible earthquake, the ''normal'' one, and the ''Design Earth -
guake'', but also the areas of different earthquake occurence.

It stimates the maximum possible intensities which may occur sometime
on the areas and also the recurrence and probability of earthquake occurence .
Briefly the seismotectonic regionalization map must be prepared,as the exam-
ple, that may be seen in figure 2, the seismotectonics regionalization map of
the Lima area showing the maximum possible intensities.

The statistical seismo risk as a result of the evaluation of the possi-
ble intensities of the earthquake which have occumed during the last 400
years in Lima according to historical information is shown in figure 3.

The atenuation factors of the seismic energy is also found using isosis
mal maps of some earthquake. The resulting curve is shown in figure 4.

3.~ GEOLOGICAL STUDIES. Geology is one of the basic disciplines in the mi-
crozonation studies . Hydrogeology, Geomorphology and Geological Engineer-
ing (known in some countries as Geotecnic), play an important rol in the de-
tection and identification of the different natural phenomena which threaten
the security of a population or a civil engineering work as well as in the
decision to choose the prevention methods for the risk attenuation and/or de
fense works construction.

In Peru, the geological methodology formerly used in microzonation was
the classical one, that is survey of the stratigraphic, tectonic, geohistoric
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and the study of the hydrogeological features. However, the morphology of
the peruvian territory with strong topographic contrasts which delimit dif-
ferent fisiographic units with different lithological, structural and cli -
matic characteristics, made necessary to introduce to the classical method-
ology, the study of the External geodynamic phenomena applying very partic-
ular rules and secuence for the investigation of populated centers and civ-
il works locations.

So, the study of the wide range of gradation or degradation processes
is added to the investigation of the endomorphic phenomena which contribute
permanently to the modeling of the earth surface. Thus, this approach may
constitute a contribution to the classical studies being carried out in dif-
ferent parts of the world where the natural conditions are similar to those
existing in Peru and the Andean countries.

The number of victims and the material losses per year caused by the
External Geodynamic phenomena such as landslides, alluvions, avalanches,
downfalls, soil slithering and solifluxion, floods, etc, are considerable in
Peru as shown in Tables 1 and 2. For a period o§ 30 years (1943-1973) it
was stimated that a volumen of two millions of m® of material was mobilized
by these phenomena, which affected 4,000 hectares of soil and caused 50,000
victims.

As an example of these type of phenomena may be mentioned the Yungay
alluvion, (locality situated 454 km NE from Lima), trigged by the Peru 1970
egrthquake, when a city of 25,000 people was buried, mobilizing 244 millions
m” of material along 14 kms.at a speed of 400 km/h. Another example is the
Cochacay Landslide Alluvion, located in the Central Sierra, 398 km. SE from
Lima, occurred in April 1974. The phenomenon displaced 1,600 millions m”~ of
material repressing the important Mantaro river by means of a dike of 4 kms.
long, 1 km wide and 170 meters high. The damming had a length of 30 kms.
upstream, storing 670 millions cubic meters of water. The dead toll was 45
and the material losses about USA. $ 7 million.

These examples emphasized the need of considering these phenomena in
every seismogeclogical microzoning study, specially in the Andean countries
and in those where theratural conditions are similar.

The External Geodynamics studies are oriented toward the location of
the phenomena, the risk determinaion and the establishment of prevention
measures, and/or defense construction methods, zoning the different sectors
of the site being investigated and establishing their safety limits.

So, according to the above discussion, the following aspects should be
considered:

- Analysis of the site morphological aspect.

- Study of the nature of the bed rock and foundation soil.

- ldentification of the risky phenomena to people and constructions.

- Study of the phenomena origen,its evolution, and the factors contribu~
ting to its existance.

- Establishment of prevention methods to minimizied or avoid the risk.

- Establishment of the safety limits.

The mentioned methodology have been applied in different localities of
Peru.
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L. - SOIL MECHANICS AND SOIL DYNAMICS. The soil Dynamics for amplification
studies are made under stable conditions and basically considering:
firstly a suitable soil exploration program, where the boring distribution
and depth depend on the project needs, and previous site geological explora
tion. :

The soil statics properties thus measured at the site and the samples
taken to laboratories where the tests are made under different levels of so
licitations, provide important information.

On the other hand, geophysical seismic exploration using modern measur
ing P and S wave velocities equipment, and by releasing small amount of en-
ergy by mind of an explosion, or hiting a pressed wooden piece with a hammer
the soil elasto-dynamics propierties, internal and radiation damping and the
soil dynamic stratification are found.

To obtain the idealized representative soil models, (usually one dimen
sional) (8), in addition to the soil mechanics data and the soil properties
found dynamically, properly correlated, it is necessary to account for the
site geology and topography. Due to economics and practical considerations,
it is not possible to study a large number of positions, so the choosen po-
sitions have to be representative of an area and need to be located accord-
danly. In case of irregular soil stratification, bidimensional model is
used (5)

In Peru only few accelerographs are installed, specially in populated
areas. At the sites of new cities or civil works, where most of the micro-
zonation and siteinvestigations have been made, there are not earthquakes
records, so artifitial ones have been used. These earthquakes are generated
according to seismological and geological informations: expected earthquake
magnitude, possible epicentral distance, waves attenuation, duration etc.
Basically two types of artifitial are used: a nonstationay white noise, to
determine the soil filtering properties in a wide range frequency band, and
a second one also nonstationary, with its frequency contents defined by ap-
propriate filters, such that its periods are close to the soil predominant
periods to obtain the maximum soil amplification and having an upper bound.
The soil response to a real intense earthquake is assured to be between
these two limits by an appropriately weighted average.

The soil idealized models and the input earthquakes at the base are
processed using computer programs (4). These programs consider the soil in
cursion into the inelastic range by the lineal equivalent method, using the
criteria proposed by seed (é), but with the deterioration curves ajusted to
laboratories tests in the level of stresses and deformations caused by in-
tense earthquakes. The response are computed in time and frequency domain
in the choosen degrees of freedom, and the response spectra at the founda-
tion level, are computed for use in the seismic design (see fig. 4, 5, 6, 7,

8).

5.- OTHERS INVESTIGATIONS. For certain types of projects such & port and
harbor facilities it is necessary to perform investigations not previously
included, for example the potential of noncohesive soil liquefaction, and
the tsunami danger,

For the determination of sandy soils liquefaction, one of the most im-
portant soil instability during earthquakes three approaches are used (7):

y
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1) Comparing the statistical information of sand deposits performance in
past earthquakes in different part of the world (i.e., Niigata, Alaska, Chi
le 1960) in relation to representative soils properties such as the grains
size and relative density of the deposit, etc. 2) In addition to the rep-
resentative soil properties an equivalent stationary earthquake determined
according to the local conditions (Soil Dynamic Response) and correlations
abacus obtained in USA and Japan Laboratories by large scale dynamic texts.
and 3) Solving the Terzaghi consolidation equation, using as data the soil
hydraul ic poperties, its compresibility, and the earthquake influence which
causes the increment in the pore water pressure (4) See fig (8).

Comparing the results of theses three criterias it its possible to es-
tablish in a reasonable way the potential soil liquefaction occurence and
it is possible to give recommendations for design purpose.

For investigating the local tsunami in Perd, it is necessary to have
batimetric information of few tens of kilometers from the coast, which may
be get from the Peruvian Navy, but many times it is necessary perform de -
tailled batimetric measurement for water depth less than 100 meters. Empha
sis is given in the study to the tsunami energy concentration in areas of -
unfavorable batimetric and topographic configuration. The arrival times of
local tsunamis are stimated by mind of the sea waves refraction curves. |f
the line that passes through the 1966 and 1974 Peru earthquakes epicenters,
both located offshore, is used as the major axis of the elipse where the
tsunami is assume to be generated, the tsunami waves arrive to the Lima
coast in about 1/2 hours, which agree with the arrival time of the 1746
tsunami which destroyed Callao, the near by sea port.

Detailed topographic information which is essential for the development
of the engineering project is useful the determination of inundation possi-
bility as well as to guess the direction of avalanches and other external
geodynamics phenomena.

In some areas in Peru it is important to study the Glaciology and la-
goon control.

6.- EARTHQUAKE ENGINEERING. The Peru Earthquake Code practically cover
only regulations for building and the design spectra included there are
""theoretical' based in foreign experience for hard, medium and soft soils.

In the microzoning studies applied for buildings, in addition to divid
ing the zone in subareas of similar soil properties, the seismic character-
istic of each of them are defined by its respective design spectrum found
for the site, which sustitute the code ones. |If there are some type of
building not covered by the code, or correspond to projects of civil engi-
neering structures such as quaywalls, piers, bridges, water supplay systems
etc, the seismic coefficient for such structures are given in the re-
port, along with special recommendations which take into consideration the
site characteristics as well as the properties of the structures.

For example in Fig. 9 are given the design spectra for different struc
tures of the Peru Nuclear Center to be built in Huarangal, located about 28
kms NE of Lima, These spectra are accompanied by the classification of
buildings, equipment and piping in class I, IA, |l and Ill elements, accord
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ing to the degree of importance from the view-point of plant safety. The
permissible stressesare also given: The class | and 1A elements shall be
maintained within the elastic limits of the material under the action of
level S2 earthquake. The-class Il elements shall be maintained below the
elastic limits under S1 earthquakes, but may enter into inelastic range un-
der S2 earthquakes. The deformations shall be as not to endanger thzir func
tioning. The class |ll elements shall be designed in accordance with the
Peruvian Code for Seismic Design. Suggestion is also made how to distribute
the different structures on the site to get the rational use of the land.

Past experience have shown that in Peru more than 80% of the earthquake
damages have been caused by; stress concentration in certain elements as
short columns due to wrong structural conception; torsion, impact, etc. The
recommendation try to minimized such a kind of mistakes and put emphasis
in a good design criteria learned from past earthquakes performance of stru
tures in the country. Looking for an equilibrium between cost and safety
it is try to give simple and clear guidelines to the designer.

CONCLUDING REMARKS

Starting in 1970 when a microzoning studies were made for the first
time in the country for Chimbote city, by a Japanese Scientific Mission,
headed by Dr. Ryohei Morimoto, by then Director of the Earthquake Research
Institute of the University of Tokyo (11), the local group set up to assist
that Mission has continue working up the present. The microzoning of 7 more
cities and towns destroyed by the Peru 1970 earthquake were made in 1970-71.
In 1974, the Peru Ministry of Housing and Construction asked the group to
perform the microzoning studies of Cerro de Pasco. Part of that city needed
to be moved because the mine open pit operations were going to invade the
city old section. In 1974-75 Lima was zoned in areas of equal expected in-
tensity to study the possible impact of a destructive earthquake in the
Metropolitan area where near 30% country population are concentrated (lg).

Site investigations for a nuclear centre, a fishing harbor, new indus-
tries and important buildings locations have been made at different locations
of Peru. The method also have been applied to select new urban expantion
areas at different locations of uncultivated land around Lima in order not
to destroy the existing scarse green areas.

The fact that the group have prepared in the period 1970-1978, the res
toration projects of more than 100 reinforced concrete buildings and near
3000 bricks houses damaged by the Peru 1970 and 1974 earthquake (14) corre-
lating the damages with the site, soil and geologic conditions, have been
very useful in developing the methods used in the microzoning studies.

These methods are mainly based in those developed in USA and Japan, but
take into consideration as much as possible the local conditions not only on
the types of the geodynamical phenomena that may endanger the structure, but
also the limitations existing in the country; for example, as a general rule
it has been chosen modern instrument, but easy to operate and maintain. The
field and laboratory tests have been practical and simple. With these rules
practically there have not been complications during the works.
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MORIMOTO R., KOIZUMI Y., MATSUDA T. and N. HAKUNO.- Seismic microzoning

of Chimbote Area, Peru; Overseas Technical Cooperation Agency; Goverment
of Japan 1971,

KUROIWA J.- 'Proteccién de Lima Metropolitana ante sismos Destructivos',
Investigaciones efectuadas en el perfodo 1973-1976, 136 pags., Universi-
dad Nacional de Ingenieria. S/E C.N. Defensa Civil, Lima - Peru, 1977

DEZA E., JAEN H., and J. KUROIWA.- Ivestigation of the Peruvian Earth-
quake of October 3, 1974, and Seismic Protection Studies of the Metropo
litan Area. 6WCEE, New Delhi, Jan 1977. -

KUROIWA - KOGAN INGS. ASOCIADOS Memorias reparacién y reforzamiento de es
tructuras dafadas por sismos, 1970-1978. -

TABLE —1|

MOST IMPORTANT GEODYNAMIC PHENOMENA OCCURRED IN
THE PERU II CIVIL DEFENSE REGION BETWEEN 1,925 AND |,978

* TYPES OF NATURAL DISASTERS
D AR TMENTS | oatcos LAND _ [rLooos AVALAN EARTH - TroraL
LIMA 880 T L7 - 4 898
ANC ASH 600 | 22 | 3 ' 10 2 637
AYACUCHO 320 15 '2 - - 337
JUNIN 280 3 - 2 290
PASCO 280 ) 3 - - 29l
HUANUCO 240 ) I - 251
HUANCAVELICA | 200 | 20 3 - - 223 |
ICA 200 | - 4 - 2 206

TOTAL 3,000 | 82 30 n 10 [3,133
# POLITICALLY THNE PERUVIAN TERRITORY IS DIVIDED |IN 23

DEPARTMENTS
TABLE —2

EVALUATION OF DAMAGES CAUSED BY NATURAL DISASTERS
IN THE PERU II CIVIL DEFENSE REGION (1,925—1,978)

DISASTER FRECUENCY DEAD TOLL cosT
TYPES NUMBER | %  [NUMBER | %  [AMOUNTR o
HUAICOS 3,000 | 95.7 80 0.1 37'5 4.7
LAND SLIDES 82 286 850 1.1 8'0 1.0
FLOODS 30 10 30 (Lol 0's |LoO.d
AVALANCHES " 0.4 34,018 44.0 250.0 3.4

EARTHQUAKES 0 Q3 (42,249 | 84.7 500'0 | 628

# SPENT DIRECTLY BY THE PERUVIAN QOVERMENT IN THE
RESTORATION WORKS ONLY



348

ACKNOWLEDGEMENTS

The authors express their thanks to the authorities of the National U-
niversity of Engineering end the Geophysical lInstitute of Peru of Lima. To
the members of the 1970 Japanese Scientific Mission to Peru.

The authors also take this opportunity to thank the University of
California at Berkeley, the University of Tokyo, the California Institute
of Technology and the Massachussetts Institute of Technology, for providing
them for a long time, with great generosity, with publications used in this
study. Their gratitude to Prof. Shima of the University of Tokyo and to Dr.
Suyama, President of Oyo Corporation, Tokyo

REFERENCES

1.- HKROIWA J., DEZA E., and H. JAEN.- Investigation of the Peruvian earth-
quake of May 31, 1970, Proc. 5SWCEE, 447-456, Rome, June, 1973.

2.- DEZA E., Microzoning in a Broad Sence (seismogeoclogical microzoning)
2nd Interna ional Congress of the International Association of Engineer
ing Geology, 1974.

3.- JAEN H. and V. TAYPE - Ocurrencia de Fendmenos de Geodinamica Externa
en el Perd. Bol.Soc. Geologica del Perd, 27-38, Tomo 52, 1976.

L - KOGAN A.J..- Sistema Integrado de Programas para Andlisis Dindmico de
Suelos y Estructuras en Medianas Computadoras. Versidn Extendida 1978.
Kuroiwa-Kogan Ings. Asoc. Lima - Perdi

5.- G. LYSMER, B. SEED Y OTROS.- Efficent Finite Element Analysis of
Seismic Estructure-Soil-Estructure Interaction. University of Califor
nia Berkeley - 1975.

6.- Y. OHSAKY.- Dynamic Characteristics and one Dimensional amplification
teory of soil deposits. University of Tokyo 1975.

7.- H. BOLTON SEED AND |. ARANGO.- Evaluation of Soil licuefation potencial
during earthquakes, October 1975, University of California, Berkeley
U.S.A.

8.- 0.1.E.A.- Guia de Seguridad sobre andlisis y ensayo sismico de las (en

trales nucleares. Division de Seguridad Nuclear y Proteccién del me-
dio ambiente, 1977

9.- GEC REACTOR EQUIPAMENT LTD-TAYLOR WOODROW CONSTRUCTION LIMITED and
KUROIWA-KOGAN [NGS. ASOC.- Estudio del emplazamiento propuesto para
la construccion detl Centro Nuclear de Investigacién, Huarangal, Ejecu
tado para el Ministerio de EnergTa y Minas, Febrero de 1977.

10.- HOB INGS. ASESORES S.C.R. LTDA. y KUROIWA-KOGAN INGS. ASOC. Estudios
Sismoldgicos, Geoldgicos y de Mecdnica de Suelos para el Proyecto del
Complejo Pesquero del Centro ubicado en Ventanilla-Callao. Efectuado
para la Unidad Ejecutora del Ministerio de Pesquerfa. Lima Peru, Mar-

zo 1978,



349

o T
II e s
f T .‘:‘ } .-:. | fimu”“ I["f“_‘.\ I-’ l_'.\
N ”\ ’i.|n|l|'1|,i b ',} - :?"'!!-5”" oy, W
llll ;\‘ﬂﬂm:ll |F|HJ[1 “h .,H.l‘l I8 y ?I !T i ikl ..|,IM:T?J
o 'll'vif"“h'JJ"lrL ¥

Jm.

0 v ;;} i

. ": II /—_—Tn
R e
M | W .:-'n-;l'l'I ,olfv

|
pl
&

ﬁ
f

. .n;f_":u oy

.‘u ) mm}

e e

MAR SINOFTICO

O GCOO.*avaca [XTIF

~ ann m

(I

I,X,IX,IX,X, PERU CIVIL DEFENSE REGION

Piem wma
AR Memm maa  ame—

me. | — PERU SYNOPTIC MAP OF EXTERNAL

L3 '( wnos

GEOCDYNAMIC

(MORE DETAIL (N REF 3}

FLOODS

LAND SLIDES , ANO "HUAYCOS®

AVALANCHES , LAND SLIDES AND

“HUAYCOS ~

PHENOMENA

[N R RN



ACCELEAATION (0}

350

'm 3 ~SEISWOTECTONIC REGIONALIZZTION MAP OF WESTERR
CEMTRAL PER. AND MAXIMUM POSBIDLLE IMTENBITIES

(v
R et 1]
.- TO TRZ PERV COAST [DERM)
'
! T n o 1)
L roowy R CLOUD a PLAEZ ( WORLWIOE )
- [=
‘ T
-
2
| 81-'
-
Amisenes (n v es i B
- oOsOwad Y AL [wdal
-
-
-
.I
v

OoisTancs  PRON THE FAWT

OpinTanct FaoM
YIostame ruom

smITUDE

ESCH | =INTEWRITIEY > T}

[ - . ==
DIDTANCE lhwe) L2 sl 0w WD (NTERWEOIATE £4aTHGUAREE aRYA OF DERTEUCTi-

THE €

VE LARTRCUAXED
2703 snal oW €aRTHOVAAED aBNOCIATED WITM BTAIGE BL

riceaTEn

TRE FAULY PLANE [LINA SAATHOUARE P28

MEGION J —INTENSITIES FIZ=IF
KiuyN ACCELERATION RECORDED I LiNA POR WA T. —_

— — FIW CARTHCUAKES OCCUM (N THIS alEa amd ARl O
TNAN IR RESKON I

" 4 ~ARTIFICIAL EARTHOVARE W)
WavEl mitm Yeopea meemE?

B LATINS LBasm-8, .. -
-
BURFACE
. Aot b
N 3 . 1
g Ve s oac R
¥ VY
A . ]
L] BB
AR AYA e

Lo 2 e -

i AMALIFICACION SISMICA COMPLE D PESAERC OFL CENTRC VENTANILLA
i

—
-
=y

— ——— =8 .-.FOURIER SPECTRUM —_— —

== l\
4

y )
(' RPN "/J‘! DA AD




351

T e+ -RESPONSE SPECTRA (ABSOLUTE ACCELERATION)
mae -SPECTRAL AMPLIFICATION il
e M TBE DIPFEAENT ITAATA OF THL SOIL -14 ::I

MDEEL FOR ARTIFICIAL EARTRGUARE & )

- .

Qos, 01 ~pABPING
NOTE THAT YERTEAL SCALE Pom
\\u-l & SI-R ARG DIFFERENTY.

?a@ ~BOLUTION OF TEAEZASNI CONSOLIDATION EQUATION
P98 A REPNESENTATIVE SOIL _PROFILE

w9 ~DESISN  APECTRA

SSEDNES A REACTOR ON Tl Wam @7

IQASE I & Ia ELEMENTU) (8g) —————
-samoel  €TAUCTUAL e
- BEEAVO ARD ANY STRUCTUAED FOMMOED

o wocH

I ~CLald I CLENINTS (8}
;\ !
\ \
NN
\\
zs-—Kl\‘ S
L ——
poulndienty S I

e - |+ q|>=-__-__._.__._ I

° + Jiwl,
- 0 80 100 180 100 2%

[ s o i /€y . @ A (o o Lt (o .

T ire T,
atmprode 40 m/fe
i - KD me ey Lom

PHQTO 1.- Cordillera Blanca in An-
cash ( Photo SAN=PERU)



352

PHOTO 2 ( SAN- PERU ) Vertical view of the Cochacay Landslide
Alluvion of April 1974, Top left, side vieuw.
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LANDSLIDES FROM THE FEBRUARY 4, 1976 GUATAMALA EARTHQUAKE:
IMPLICATIONS FOR SEISMIC HAZARD REDUCTION
IN THE GUATEMALA CITY AREA

by

I I
Edwin L. Harp , Raymond C. Wilson , Gerald F. WieczorekII,
and David K. Keefer

ABSTRACT

The February 4, 1976, earthquake (M=7.5) in Guatemala generated more
than 10,000 landslides which were particulary destructive in the Guatemala
City area. Rockfalls and shallow debris slides of less than 15,000 m3 in
volume were the predominant landslide types.

Guatemala City occupies a relatively flat~lying intermontane plateau
of Pleistocene pumice. The plateau is deeply incised by streams that
have cut steep-walled canyons, and development throughout most of the city
has extended to within a few meters of these canyon margins. Without
exception, rockfalls and debris slides from the earthquake were located
along the steep canyon slopes. Rockfalls occurred as spalling failures on
canyon slopes generally steeper than 50°; most of these failures were near
vertical slices of rock less than 6 m thick, Debris slides occurred on
slopes of between 30° and 50°, mainly in sandy soils developed on the
pumice, and were generally less than 1 m thick. Both rockfalls and debris
slides were heavily concentrated along narrow ridges and spurs, which
suggests that the existing topography markedly amplified the level of seismic
ground motion.

From postearthquake U-2 photographs, 1:10,000 scale aerial photographs,
and field investigations, individual landslides triggered during this earth-
quake were mapped at a scale of 1:12,500 for the Guatemala City area. The
distribution of seismically induced rockfalls and debris slides suggests
that slope gradient, topographic form, and lithologic features were primary
factors controlling the occurrence of these failures. Utilizing these data,
a map of the earthquake-induced landslide concentration for the Guatemala
City area has been prepared showing areas of high landslide concentrations
in which there is a high probability of landslide occurrence during future
earthquakes.

INTRODUCTION

The M = 7.5 Guatemala earthquake of February 4, 1976, generated at least
10,000 landslides, which caused hundreds of fatalities as well as extensive
property damage. This report depicts the landslide distribution in the
" Guatemala City area in terms of zones of relative concentration and correlates
these with geologic and geophysical parameters in order to assess the proba-
bilities of similar landslide distributions during future earthquakes.

Guatemala City, which suffered significant property damage and loss of
life from landsliding during this earthquake, is built on a plateau along
the continental divide (fig. 1). This plateau is deeply incised by a number

I Geologist, United States Geological Survey, Menlo Park, Calif.
IT Research Civil Engineer, United States Geological Survey, Menlo Park,
Calif.
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of streams, forming a network of steep, narrow canyons (locally called
"barrancos') that may be as deep as 100 m. The plateau is underlain by
more than 100 m of Pleistocene pumice (6), a brittle material of very low
tensile strength, However, the interlocking texture of the pumice provides
sufficient shear strength under nonseismic conditions to support nearly
vertical slopes as high as 100 m. Thus, slopes in the network of canyons
that dissect Guatemala Citv exist in a state of metastable equilibrium.
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Figure 1.--Epicenter (7), fault rupture (8), and approxi-
mate limits of landslide-affected area (dashed line,
(4)) from February 4, 1976, earthquake.

Not surprisingly, the barrancos of Guatemala City underwent extensive
failure during the 1976 earthquake, with consequent damage to several
dwellings and other structures located on the steep slopes or along edges
of the canyons. It is not known precisely how much property damage or loss
of 1ife in the Guatemala City area was the direct result of landsliding,
but a conservative estimate would be approximately 500 dwellings damaged
and at least 200 deaths. Most damage to structures occurred to houses
built on the plateau but located too close to the canyon rim (fig. 2).
These houses were either undermined by failure of the adjacent slopes or
deformed by fissures that appeared as incipient landslide scarps. Some
neighborhoods situated on the slopes or bottoms of barrancos were also
damaged by slope failures and falling debris.

The epicent